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Abstract—This article presents a mathematical framework for
modeling heterogeneous flow networks with a single source and
multiple sinks. The traffic is differentiated by the destination
(i.e. Lagrangian flow) and different flow groups are assumed to
satisfy the first-in-first-out (FIFO) condition at each junction.
The queuing in the network is assumed to be contained at
each junction node and spill-back to the previous junction is
ignored. We show that our model leads to a well-posed problem
for computing the dynamics of the system and prove that the
solution is unique through a mathematical derivation of the
model properties. The framework is then used to analytically
prescribe the delays at each junction of the network and
across any sub-path, which is one of the contributions of the
article. This is a critical requirement when solving control and
optimization problems over the network, such as system optimal
network routing and solving for equilibrium behavior. In fact,
the framework provides analytical expressions for the delay at
any node or sub-path as a function of the inflow at any upstream
node. Furthermore, the model can be solved numerically using a
very simple and efficient feed forward algorithm. We demonstrate
the versatility of the framework by applying it to two example
networks, a single path of multiple bottlenecks and a diverge
junction with complex junction dynamics.

I. INTRODUCTION

Modeling and analysing the dynamics of network flows is
an important problem that has applications in many different
areas such as transportation planning [3, |6, [12]], air traffic
control [9, [16], communication networks [l 2, 14, 5], pro-
cessor scheduling [17] and supply chain optimization [10].
Flow models are crucial for understanding the response of
networked systems under different boundary conditions, es-
timating the state of the system, measuring system perfor-
mance under different tunable parameters and devising the
appropriate control strategies for efficient operation of the
system. For example, in transportation networks, flow models
are used for traffic estimation [[19], dynamic traffic assignment
or demand response assessment [8], traffic signal control [7]],
ramp-metering control [13] and incident rerouting [15]. This
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article focuses on modeling heterogeneous (multi-path) physi-
cal flows through a network with a single source and multiple
sinks with the specific objective of expressing the delays at
each node of the network as a function of the boundary flows
at the source. This can be a critical requirement when solving
control and optimization problems over a network in cases
where the flow entering the network is one of the direct
or indirect control parameters of the system. For example,
when trying to eliminate congestion at a critical node of
the network by manipulating the boundary flows [14]. We
present our model in the context of physical flow networks
and particularly freeway transportation networks, which have
the following physical requirements, but our results can be
applied to any network that satisfies these properties: 1) link
flows are capacity restricted, 2) the flow through each junction
satisfies the first-in-first-out (FIFO) condition, and 3) there
is no holding of flow, i.e. the flow through a junction is
maximized subject to the FIFO condition.

While there is a vast literature on network flow propagation,
particularly for various packet networks, a large majority
of these dynamics models violate the FIFO and no hold-
ing requirements listed above, which are essential require-
ments in phyisical flow networks. Many models proposed for
transportation network flows do infact satisfy these physical
requirements [3, 16], but none of these models analytically
prescribe the internal delays of the network as a function of
the boundary flows. Therefore, a new framework is required
for the problem that we consider.

Our approach can be summarized as follows. We assume
that the traffic flow is differentiated by the destination of the
flow (i.e. Lagrangian flow) and that the different flow groups
satisfy the FIFO condition at each junction. The queuing in the
network is assumed to be contained at each junction node and
spill-back to the previous junction if occurs is ignore We
show that our model leads to a well-posed ordinary differential
equation for computing the dynamics of the network as a
function of the boundary flows and prove that the solution
is unique through a mathematical derivation of the model
properties. The main benefit of this framework is the ability to
analytically prescribe the delays at any junction in the network
and across any sub-path as a function of the the boundary
flows, which can be a important requirement when solving
certain control and optimization problems, such as demand
allocation problems, where the flow entering the network
is one of the direct or indirect control parameters. This is

ISpill back to the previous junction can be observed and flagged when
it occurs. The primary goal of this model is for being used in optimization
problems where (in most cases) a good solution will eliminate long spill backs.



achieved via the creation of a time mapping operator that
maps the traffic flow at a given node at a given time to the
corresponding flow at the origin of the network when that
flow entered the network. We also show that this model can
be solved numerically using a simple and efficient forward
simulation approach. Finally, we demonstrate the application
of the model by applying it to two example networks, a
single path of multiple bottlenecks and a diverge junction with
complex junction dynamics.

The article is organized as follows. Section 2 introduces
the network properties and junction dynamics. Then section
3 formalizes the time mapping operator, shows the well-
posedness of the problem and proves the uniqueness of the
solution to this model. Section 4 demonstrates the practical
application of the mathematical framework by showing that
the off-ramp model posed by Newell [11] can be modeled
using this framework. Section 5 concludes the article.

II. A POINT QUEUE MODEL FOR NETWORK FLOW

The traffic network with a single source is modeled as an
arborescenc The congestion at each bottleneck is modeled
as a vertical queue that is located at the start of the bottleneck.
Thus, the physical propagation of the queue forming at the
bottleneck is not modeled. This modeling choice is only re-
strictive when the queue propagates upstream to the preceding
junction, as the change in dynamics at the junction due to the
queue is not taken into account, but the model is equivalent
to a horizontal queuing model otherwise.

A. Network definitions

A node v denotes a junction in the network and V' is the
set of all nodes. A link [ = (vi",v?™) is a couple consisting
of an origin node v" and a destination node v{™, and L is the
set of all links.

The congestion-free travel time on link [ is denoted by 77,
an agent that enters link [ at time ¢ will exit link [ at time
t + T;. The congestion-free travel time between nodes v; and
vg is denoted by T(vhvz), an agent that enters node v; at time
t will reach node vy at time t + T, 4.,) A

The set of incoming links to node v is denoted by L}, the
set of outgoing links from node v is denoted by L9 and the
set of all links [ connected to node v is denoted by L,,.

L"={le vy =0}, L ={lc Lt =v} (1)

A node v is a source if it admits no incoming link (LI = ()).
A node v is a sink if it admits no exiting link (L%" = (). The
set of sinks is denoted by S.

The set of nodes V and the set of links L compose a
network. Due to the network being an arborescence, it contains
a unique source indexed by vg. For all nodes v € V\{vo}, L
is a singleton. The element of this singleton is called the parent
node and is denoted by 7,: LM = {(7,,v)}.

We define a path p(y,, v.,) as @ finite sequence of distinct
nodes from an origin node v,;4 to a destination node vges

2 An arborescence is a directed rooted tree where all edges point away from
the root

such that there is a link connecting each pair of subsequent
nodes.
D (vorig vaest) = (Vorig * * + 5 Vdest) S:t. (T, ;) € L Vi € p\Vorig
There is a unique path from any source to any destination
since the network is tree structured. For each sink s, let ps be
the path starting at the origin v,,;4 and ending at node v, = s,
and V},, be the sequence of nodes on path p,. The set of paths
P, is the set of all paths p for which v € p. The set of paths
P, is the set of all paths p for which [ € p.

P,={plveV,}; PB={pp €V, and vy" € V,,} (2)
Remark 1. The path sets P, where  is a link in L2 form a
partition of P,

Py, =Uiero Py 3)

O

B. Modeling the flow of agents

The traffic flow at a node is measured by counting the
number of agents that pass through the node between an
arbitrary initial time tj,, and any given time t.

For a node v € V\vy (that is not the source) and path
p € P, the arrival curve A? (¢) gives the total number of
agents on path p that arrive at node v during the time interval
(tinitial, t]- Similarly, for a node v € V\S (that is not a sink)
and p € P,, the departure curve D? (t) gives the total number
of agents on path p that leave node v during the time interval
(tinitial, t]-

Remark 2. The arrival curve AP (t) (resp. departure curve
DP (t)) also gives the agent number of the last agent on path
p to arrive at (resp. leave) node v by t. Arrival and departure
curves are monotonically increasing: if t1 < to, A(t2) — A(t1)
(resp. Dp(ta) — Dp(t1)) is the total number of agents who
arrive at (resp. pass) node v in the interval (t1,t2], and is
therefore non-negative.

Definition 1. Acceptable cumulative arrival and departure
curves A(tinitiala tﬁnal]) D(tinitiah tﬁnal]

Given times tiisar and thna, a function on (tiigar, tﬁmg} is an
acceptable cumulative curve on (tipisiar, tinal if it is continuous,
piecewise C L and strictly increasing functions on (tiniar, tﬁ,ml].

The assumption that the cumulative curves are strictly
increasing is made for mathematical convenience, but can be
relaxe Cumulative curves are required to be C! in order to
be able to define flows.

The outgoing flow A} at a node v is the piecewise contin-
uous derivative of the departure curve Dy

o
P dt

Remark 3. Zero congestion-free travel time
Let m,,v be two consecutive nodes on path p. agents on path

“4)

3We could relax the assumption that the cumulative curves are strictly
increasing and allow for monotonically increasing curves. However, this
results in the time mapping function TC ™)y introduced in sectionbeing
a correspondence instead of a function and makes the analysis significantly
more complicated. Therefore, for mathematical convenience, we make the
assumption that the cumulative curves are strictly increasing.



p leaving node v at time t arrive at node v at t + T, .. For
all links (m,,v) and paths p € P,, without loss of generality
we set the congestion-free travel time T, . to be zero:
Tir,,v) = 0. This implies that:

Div =AY Vl=(my,v)€L,peP, )

This modeling choice is made purely for mathematical
convenience, since the goal of this framework is to analyze
delays in the network. The total travel time for each agent
can be easily reconstructed a posteriori by adding the actual
congestion-free travel time for each link of the path traveled
by the agent.

Thus, for all links (7,,v) € L and paths p € P we have:

dAY  dDTv

P _ p — \Tw»
dt —  dt Ap ©
aDy v o
da P

C. Queuing and diverge model

This section defines the model dynamics for queuing and
the flow propagation through a junction, which will then lead
to a definition of the feasible departure curves that the model
admits.

The capacity /1 (t) of a link [ is the maximum flow that can
enter the link from its input node v;" at time ¢. Road capacity
may vary with time due to weather conditions, accidents, or
other factors. Thus, capacity is a time varying quantity.

Requirement 1. Capacity constrained flows
The inflow entering a link is always no greater than the links

capacity.
>

pEPR

Y<m(t) VtleL ®)

If the flows arriving at a node v are larger than available
outflow capacity, a queue will form at node v.

Definition 2. Queue length n, p (t)

We define the path queue length n, , (t) at node v as the
number of agents on path p that arrive at node v by time t
and are yet to depart node v

nop (8) = Dy (t) = Aj (¢) ©)

The total queue length n, (t) at node v is the sum of the path

queue lengths.
= Z Nop (1)
pEP,

(10)

Remark 4. Let [DV]~! be the inverse of the departure curve
Dv. Since DV is strictly increasing, t;, = [D?]~1(k) gives the
time at which agent number k leaves node wv.

Definition 3. Delay in queue v

We define 6, (t) as the delay encountered in queue v by the
agent which entered the queue at time t.

Sop(t) =Dy (A5 () —t

=Dy~ (D (1) —t (11)

As D;; is continuous, piecewise C1, and strictly increasing,
its inverse is continuous, piecewise C! and strictly increasing.
Thus, as D7v is also continuous piecewise C! and strictly
increasing, the function [D”] o Dpv is continuous and
piecewise C, and delay 6, 4 is contmuous and piecewise C*.

Remark 5.

Ifnyp(t) =0, then Dy (t) = Ap (t) = b, () = 0.
Ifn,, (t) >0, hen D” (t)<Ay(t) = | ;]_1 (A; (t)) >
t and 6, (t) >
Therefore,

Vt, 0y p(t) >0 ny, () >0 (12)

Requirement 2. First-in-first-out (FIFO) property
The model satisfies the FIFO property. The delay encountered
in queue v at time t is identical for all paths p in P,.

Sy (t) =8y (t) = [D;;rl (Dp (t)) —t Vt,¥pe P, (13)

FIFO property implies that agents exit the queue in the same
order that they enter the queue regardless of which path they
belong to.

tr <ta & [Dp,]7H (Dpy (1)) < [Dy,)7H (Djy (2))  (14)

Interpreting A) (resp D) as the identifier of the agent
which arrives in (resp. leaves) queue v at time ¢, we can see
that the queues respect the FIFO rule for each path p. Let x;
and 7 be two agents: agent x; enters queue v at time ¢i"* such
that Ay (tﬁ”) =z and leaves queue v at time #$%* such that
Dy, (t9') = x1, agent x5 entered in queue v at time ¢4 such
that AY (5") = x5 and leaves queue v at time 3" such that
D} (t5"*) = xo. As Ay and D} are both strictly increasing
functions, ¢ < ti" = 27 < 29 = 9% < t3%!, which means
that if ;1 is enters queue v before xs, it will leave v before
Z9g.

Proposition 1. FIFO implies conservation of the ratio of flows
If p1 and py are two paths in P, such that \jv, A\jv > 0, then
the ratio of their flows is conserved when exiting node v
Ap, (E+0, (1)) _ Apv(t)
Ap, (E+0u(8) Ay (B)’
Proof: Let t be an arbitrary time. The FIFO assumption gives
dyp (t) = 0, (t). By definition of delay 4, , (¢),

Yt € (tinits tinal (15)

Dye(t) = Dy(t+6,,() VpePR,
Taking the derivative with respect to ¢ and using &, , (t) =
8y (¢),
aDge (t) (1 L, (t)) ~dpy
dt dt at |ihs, (1)

Using equation (7) we obtain,

AT () = <1+d6())-)\;(t+6v(t)) Vp € P,

dt
Therefore, it follows that

Ap, (t+ 0, (1))
b, (E+ 0, (1))

Apy (1)
Aps (1)
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Fig. 1. Diverge model

Definition 4. Queue state n,, - state transitions
We define queue state as the boolean valued function n, (t):

m(t)Z{(l) ¥, (1) >0

otherwise
If n, =1, queue v is said to be active, or in active state
If n, = 0, queue v is said to be inactive, or in inactive state

(16)

A queue state transition happens at time t if

de>0stV0e[—¢ce, nt—0)=1-n,0t+6) (17)

When queue v is inactive, DV = D™,

Definition 5. Link constraint ¢, (t)

Let v € V\{vo U S} be a node which is not a source or a
sink. For all links | € L3, we define the link constraint c, ; (t)
as the ratio of arriving flows at time t on capacity at queue
v when this flow leaves queue

2per, N (1)
pu (4 8y (1))

Definition 6. Active link v, (t) and set of active paths T, (t)
of a node

We define the active link v, (t) of a node v at time t as the
most constrained linklﬂ in Lo":

Cog (1) = (18)

Vo (t) € argmax ¢, ; (t) (19)

leLo

We define the set of active paths T, (t) in queue v as the set
of paths in the most constrained link v, (t)

T, (1) = Py (20)

Remark [1] gives T, C P,.

Requirement 3. Full capacity discharge property
The model satisfies the full capacity discharge property. For

4The dissipation rate of the point queue at the node is only governed by the
capacities of the outgoing links. This model can be extended to also impose
a discharge rate constraint based on the capacity of the incoming link, but
increases the complexity of the notation and the proofs.

SWhen there is a tie, one of them is chosen arbitrarily.

each node v and time t, if queue v is active at t, then the
active link v, (t) discharges at full capacity.

G () > 0= > N (t+ 0y (£)) = py, (1) (t+ 6y (1))
pel’y (t)
21
With this last property, we complete the definition of the
dynamics model.

Definition 7. Feasible flows
A feasible flow A} at a node v is a flow that satisfies the FIFO,
capacity constraint and full capacity discharge properties from

requirements [1) [2] and

The definition of the initial conditions on the network
completes the definition of the model.

Definition 8. Initial times for each non-source node

Given a set of initial delays at each node 0, (tiniiar) > 0, Vv €
V(S U {wvo}) and an initial time ti,isq, we define the set of
initial times over which the departure curves are defined for
each non-source node recursively as follows:

to initial =
ty Jinitial =

D. Existence and uniqueness of the solution to the model

tinitial for node vg

22
tﬂ'v,initial + 6’0 (tﬂv,inirial) ( )

Now that we have fully defined the model dynamics, we
consider the well-posedness of the model. In other words,
given a network, link capacities and the departure functions
at the source, we want to know whether the dynamics of the
model admits a unique solution.

Problem 1: General network problem

Input. An arborescence (V, L) with source vy and sink set S,
capacities y; (t),Vl € L, t € [tinitial, tnal]» acceptable depar-
ture functions from the source D;° € D (tinitial, tina) VP € Py,
and initial delays &, (tiniga) > 0, Yo € V\(S U {vo})
Question. Does a corresponding set of feasible flows exist for
all internal nodes v € V\vg and are they unique?

Theorem [I] stats that the solution to problem [I] both exists
and that the solution is unique, under certain conditions on
the departure curves at the origin and the link capacities of
the network.

Theorem 1. Existence and uniqueness of the solution to
problem

Problem |l| admits a unique solution under the following
conditions.
1) the path flows at the origin /\2 (t) are piecewise polynomial,
2) link capacities ; are piecewise constant over time.

Note that neither of the assumptions of the theorem are
restrictive in a practical senseﬂ

SNeither of these assumptions are restrictive in a practical sense, because
any piecewise continuous function on a closed interval can be approximated
to an arbitrary accuracy by a polynomial of appropriate degree (Stone-
Weierstrass theorem [18]]) and link capacities do not evolve in a continuous
manner. Link capacities are typically subject to discrete changes due to
incidents such as accidents and changes in weather.



The next section is devoted to a constructive proof of
theorem|[I] The general flow of the proof is as follows. Sections
first develop a set of differential equations for
delays in the network. In section we then prove that a
unique solution to differential equation on delays also implies
a unique solution to problem [I} Section proves that
the differential equations on the delay at each node always
admit an unique solution, which finally leads to the proof of
theorem [I

III. A SOLUTION BASED ON TIME MAPPING

This section builds a constructive proof of theorem [I]
Throughout sections [[I-Cl we require that the flows
at the origin are acceptable departure curves as defined in
definition (1| and that the outflows at each node satisfy the
model requirements (i.e. result in feasible flows as defined in
definition [7).

A. Local study of point queues

We begin by proving proposition 2] which gives an ana-
Iytical expression for the derivative of the delay at node as a
function of its downstream capacities and outgoing flow at its
parent nodes.

Proposition 2. Evolution law of a single queue
If queue v is active at time t,

| _ 2pernn M)
dt t My, (1) (t + 51} (t))

The proof of this proposition requires the following lemma.

(23)

Lemma 3. Derivative of queue’s length n, with respect to
time
If node v is active at time t (i.e. t: 7, (t) = 1),
> T
dt

pETy, ()

t+6y (1)

[ D A (t+d (t))] My (00 (1) (24

PELy (t)

Proof: By definition |2 n, ;, (t) = Dy (t) — D, (t). Thus,

5 dn., Dy dDy
dt |,

Z(dt

i )|,
pely, pel,
= (A -»), (25)
pely

As queue v is active at time ¢, requirement gives
> per, Ap (E+0ut) = piy, (1) (t+ 6y (), thus we have

dny,p
2 a

pEL, (t)

= Z )\gv (t + 61},75) My, (t) (t + 6") (t))
t+34(t) pEly, (t)
(26)

O

Lemma 4. Discharge relationship between queue length and
delay

Nup (E+0u (t) =Dp* (t+ 0, () —Dy* (), YveV,peP,

27

Proof: By definition [2| on queue length, we have n, , (t) =
D7v (t) — Dy (t), which evaluated at time ¢ + 0, () gives
Nyp (E+0up (1) = Dpe(t+06up (1) — Dp(t+6bup (1))
From definition on queue delay, we have D) (t + 6y, (1)) =
D7v (t). Combining these two results we obtain,

N p(t +0,(t)) = Dy (t+6(8)) — Dp»(¢)  (28)

O
We can now prove proposition
Proof of proposition |2} Let t be a time such that 7, (¢) = 1.

dé, .
Equation (24) multiplied by <1 + dt‘ ) gives
t
dé dn
14+ —° ) e = (29
( di t pG%:(t) dt t+84 (1)
@+%ﬁ) SN (6. ()] -
Ple/ per
ddy
(1 t )u%u) (t+6v (1)) (30)
t

Taking the derivative of equation with respect to time and
summing over p € I',,, gives the following equality

déy dny,
)' 2 th

1
(1 .
PELy (t)

(-

Given equations (29) and (31) have the same left hand side,
equalizing their respective right hand sides and simplifying

(1 %)

equation:

ds,
1 —
( T

t48, (t)

déy
dt

7 pery(t) pET, (t)

)- DA (E+6 (t))] DI ONEN!

“2pery ) A" (E+ 6up (t))} gives the following

R AT S U

t pel, (t)
Which gives the result,
do, | Zpel‘u(t) Ap (1)

= —1
dt t M'Y'U(t) (t + 5'0 (t))

(33)

B. Time mapping

The evolution law stated above for any given node v de-
pends on the outgoing flows A7v at the parent node. However,
this it not an input of Problem |1} In this section, we introduce
the notion of time mapping to obtain a modified law for the
delay evolution that replaces the outgoing flows at the parent
node with the outgoing flow at the origin.

1) Definition of time mapping functions: The evolution
law from proposition [2| gives a non-linear ordinary differential
equation (ODE) that governs the evolution of 4, (t). The
evolution of delay encountered by an agent x entering queue
v at time t depends on the flows entering the queue at ¢ and
the capacity of the active link(s) v, at time ¢ + J, (¢) when
agent z leaves the queue. The non-linearity of the ODE makes
directly computing the dynamics along a path algebraically
complex. Therefore, we introduce a time mapping function.



Let v be an internal node of the network and its parent node
be m,. an agent leaving node 7, at time ¢ will leave node v at
time ¢+ d, (t). We now introduce the following time mapping
function:

Definition 9. Node time mapping function T?™
We define the time mapping function TV™ by

TO™ st st + 6, (t) (34)

an agent leaving node T, at time t will leave node v at time
TV (t)

The notation TV"™ (variable ordering) is chosen for mathemat-
ical convenience with respect to the derivatives of the function,
as will be apparent in the rest of the discussion. In equation
(34), TV™ takes a time with a physical meaning at the exit
of node 7, on its right hand side, and gives back a time with
a physical meaning at the exit of node v on its left hand side.

Proposition 5. 7Y™ is strictly increasing and bijective
The function TV™ is strictly increasing and thus bijective
from its domain to its image. Its derivative is

arem | Zper,u(t) )
dt |, pa (t =+ 0y (1))
Physically, this means that the FIFO assumption is respected:

i.e. an agent xo entering queue v dfter another agent x1 will
also leave the queue after x1

>0 (35)

Proof: Taking the derivative of equation (34) and applying
equation (23) in proposition 2] gives,

arem | Zperv(t) Ay (1)
dt t i (t + 61} (t))

The departure curves at the origin are strictly increasing
since they must be acceptable departure curves. The full
capacity discharge property from requirement [3| requires that
one outgoing link at each node discharges at full capacity.
Finally, these properties combined with proposition [I] which
states that the out flows at a node are proportional to the

UV, Ty
> 0. O

(36)

inflows, give us the result that

Thus T%™ is invertible and its inverse is an increasing
functior[’]

Definition 10. Node time mapping function T™ " Given an
internal node v, we define the function T as the inverse
of TV

T oT%™ =1 and T"™ o T™ " =1 (37)

We now consider the unique path (vg, v1, - , Up—_1, v, ) Which
leads from the source vy to some node v,,. As each node has
a unique parent, we can recursively trace the path from node
v back to the source node vy. Let t'" be a fixed time. If an
agent x leaves node v,, at the time ¢, we can recursively
define the following:

1) tVn-1=T"Yn-1n(¢¥n) js the time that agent x left v, _1,

7If the acceptable set of departure curves D is relaxed to allow monoton-
ically increasing instead of strictly increasing functions, 7V becomes a
correspondence, and the mathematical treatment would be more involved.

Fig. 2. Time mapping nodes

£on =1 4§, (£ )

2) tvn—2=T"n-2:Yn—1 (t¥n-1) jg the time that agent z left
Up—g, B =tV =240, (t"2)+ 0, (t"" 2 +0,, , (t"2)) 3)
tVn—3=T"n=8Yn=2 ($¥n-2) ig the time that agent x left v,_s,

As TV7 and T™" are bijective for all internal nodes v, we
can give the following definition

Definition 11. Time mapping function from and to the origin
v and TV

Let v, be a node, and (vo,v1,v2, -+ ,Vx, ,vy) be a path from
the origin vg to node v. We define the time mapping function
to the origin as the composition of the node time mapping
function on the path between the source and v,

TV0:Vn — TV o T2 o ... o TVrn:Vn (38)
an agent that leaves node v, at time t left the origin vy at
time TV (t).

TVn00 — TVn:Vry o ... o TV2:V1 o TV15Y0 (39)
an agent that leaves the origin at time t will leave node v,, at
time TV (t)

A sample path from the origin vy to a node v, is illustrated
in figure 2] We can now define the time mapping function
between any arbitrary pair of nodes.

Definition 12. Time mapping function between two arbitrary
nodes .

We define the time mapping function T’ between node i and
node j as follows.

1) There exists a path between nodes t© and j (for example
nodes vo and v, in figure ),
ifixj

Th = {
(40)

Let x be an agent that leaves node j at time t. T% (t) is the
time that agent x leaves node j.

Tii+l g pitli+2 o o I—2,0-1 o i—1,7
Tii—1 o Pi=1,i=2 o ... o Ti+2d+1 o Ti+1,j

fi<y

2) There does not exist a path between nodes i and j (for
example nodes vy and v, in figure [2)),
ThI — Tivo o Tv0.J 41)
Let x; be an agent that leaves node j at t. From deﬁniti0n|7_7|
we know that x; leaves the origin at time T (t). Let z; be an
agent that also leaves the origin at time T (t). Then T (t)
is the time that agent x; leaves node 1.



Definition 13. Time mapping operator_'I_‘i’j
We define the time mapping operator T/ on the set F' of time
dependent functions as follows:

F - F
f = foTii

i .
T 42)

We now consider the physical interpretation of 777,

2) Time mapping of model quantities: This section first
studies the relationship between departure curves at different
nodes and the time mapping function. We then define the time
mapped versions of the other quantities in the model. The time
mapping operators allow for mapping any quantity from one
node to the other. This definition of a time mapped quantities
thus allows any quantity to be defined with respect to the
source node of the network.

Proposition 6. Physical interpretation of the time mapping
function

Let p be a path, and (vg,v1,va, - ,Up
consecutive nodes on the path.

) be a sequence of

Dy =Dy oT""  Yu; €p (43)

Let x = Dy° (t*) be an agent on path p that leaves the origin
at time t°° and tVi = T?0 (t*0) Vu; € p.
Dy () = Dy (1) = -

= D;M (tv7) — ... = D;” (tv")

(44)

Proof: Proof by induction on the length of the sequence k. If
k = 0, the result is trivial. Let k € [1,] be an integer. By the
induction hypothesis, we assume that the result is true for to
k=i—1,ie. Dy~' = Dy oT?vi-1. By the definition of path
delay 0, ,, Dp: (t+5U7 ( )) = Dp~' (t),Vt, which means
Dyt = DpioT"""-1. Composing both sides of the equality
with T we get DY = Dp'~t oTi-1:", Substituting the
induction hypothesis and simplifying the results completes the
proof.

D;)'L D;;ifl o T’U’l717vi
— D;)o o TOvi-1 o TVi-1,0i
— D;o o V0V
Equation #4) follows directly from equation (43). O

Remark 6. As function T%7 is the inverse of T7"%, the operator
T7:* is the inverse of T"J.

We can now reformulate the first equation of proposition [6] as
follows:

Proposition 7. Time mapping of departure curve Dy
Let i and j be two nodes on path p.

Dy, =T (D) 45)
Proof: Using definition [13] we have,
T/ (DJ) = D} o T9" = DI o T 0 T
=DyoT% =D;
O

Proposition 8. Time mapping and flows
Let v be a node on path p.

i ii gy 4T
A, =T (A;) 7 (46)
dD?
Proof: From the definition of flow, A} = —2_ The result

is obtained by simply taking the der1vat1ve 0% the equation
D;, D;OTJ7 (from proposmon' w1th respect to time. [

Remark 7. The time mapping and derivative operators do not
commute.

Definition 14. Time mapping of delay 51

Let v be an internal nodﬂ We define the time mapped delay
in queue v at node m,, 07° as the delay encountered in queue
v by an agent leaving node m,:

R 47)

Let © be an arbitrary node and j be an internal node. We
define the time mapped delay in queue j at node 1, 63 as

85 =T"™ (677) = 6,7 o T (48)

Physically, if nodes i and j are on the same branch with i < j

(resp. i = j), then 0% (t) is the time that an agent which leaves

queue 1 at time t will be (resp. has been) delayed at in queue

-

Definition 15. Time mapping for capacity v

We define the time mapped capacity of a link l, ufl as the

capacity encountered by an agent at queue v}" in link |
b= (49)

Let | be an arbitrary link and v an internal node. We define

the time mapped capacity of link | at node v as

pyp =T (u”) o it

Physically, if link l and node v are on the same branch with

" < v (resp. vi" = v), then pl (t) is the capacity an agent
that leaves queue v at time t encountered (resp. encounters)
at link 1.

(50)

Proposition 9. Physical interpretation of mapped delay and
mapped capacity

Let wv; be an arbitrary node, p be a path, and
(vo,v1,v2, -+ ,Un) be a sequence of consecutive nodes on
the path p. Also, let ti = TV (t*0) Vu; € p.

GO (£70) = 00 (£71) = oo = 601 (%) = - = §ur (t°7)
(G
Let [ be an arbitrary link.
leo (tvo) = ,Uf;}l (tvl) — .= luz}i (tvi) = ,LL;}” (tU")
(52)

Proof: Let 1 be an arbitrary node and j be an internal node.
From definition (T4) for time mapped delay we have.

5 (t') 67 (TN ()
- e

8 An internal node is a node v which is neither a sink nor the source k €
K\({o}u s)



Therefore, 8¢ (t1) = &, " (t5-1), Vvl € p, which proves
equation . The proof for equation (52)) is identical. O

Definition 16. Time mapping of active link and active paths
Let v be an internal node. We define mapped active link ~],*
as the active link for flow exiting node m, at queue v, and
mapped active paths I'7* as the active paths for flow exiting
node T, at queue v.

o=y o ITv = T, (53)

Let j be an arbitrary node, we define the mapped active link
and mapped paths for flow exiting queue v at node j as

o =T () s Ty =T0m () (54)

Physically, if node j and node v are on the same branch with
J = v (resp. j = v), then vJ (t) is the active link that an agent
leaving node j at time t will encounter (resp. encountered) at
queue v, and 1’} (t) are the corresponding active paths.

Definition 17. Time mapped link constraint

Let v be a internal node and | € L. We define the mapped
link constraint c”“ as the link constraint at link | for an agent
leaving node .

T ZpGPl >\7qu (t)
Cv,l( ) - L ( ( )) (55)
_ 2per " (@)
(t+5 (1))
Epepl v (t) 56)

a o ()
Let j be an arbitrary node, we define the mapped link
constraint for link | at node j as
Ci,l = T (Cgfl) — Cg,vz o TTvd
o (1) = Zreh X (8) T
" i (2) dt

Physically, if node j and node v are on the same branch
with j < v (resp. j > v), then ¢, (t) is the link constraint
that an agent leaving node j at time t will encounter (resp.
encountered) at link 1.

(57)

(58)

Remark 8. The notation of the link constraint can be simpli-
fied for convenience as follows when time mapped.

i
cv,licl]

We use the simplified notation in the rest of the discussion.

(59)

Proposition 10. The mapping of link constraints and active
links is coherent

For all non-sink nodes j € V\S, internal nodes v € V\(S U
{0} and time t € (tinitiar, thnar), we have

79 (t) € arg maxclj (t)
le Lo

(60)

Proof: Let v be an internal node and let t be a time. Let t™ =
T7vJ (tj ) Proving the proposition is equivalent to proving the
following set equality

argmax c, ; (t™) = arg max c] (t) (61)

leLow le Lo

From the definition of the link constraint in equation (I8)) we
have

2per, Ayt (1)

) e ey @
By definition of pf in equation (@#9), we have
(B 40, (™)) = pd (™ + 9y (t””)) and  defining
v = TYT(t™) t™ 0, (t™), we obtain

(743, (07) = (17 (70)
(32) finally gives

7 (t¥). Equation

(17 46, (7)) = uf () (63)
) ) ) AT T3
Moreover, using equation [@6) gives A7 (t™) - o =
. . tJ
AJ (7). Summing on all paths p in P}, we obtain
x i 1 . .
Z )\pu (t ) = dTTrv 2J ’ Z )\‘17) (tj) (64)

pEP;

it |,

Substituting equations (63) and (64) in the right hand side of
equation (62)) and using the time mapped link constraint from
equation (58), we obtain

o (t7) & '[ZPGP’A?’(#)] (65)
| aT) i ®)
at |,
S () (66)
arTi|
at |,

For all [ € L™, ¢, (t™) and ¢] (t/) are proportional (and
the proportionality ratio is independent from /). Therefore, the
arg max in equation are the same. which concludes the
proof. O

Definition 18. Capacity of the active link
For notational simplicity we denote the capacity of the active
link of an agent that enters queue v at time t as follows:

Qu (1) = N::(t) (t) (67)
= sz(t) (t+ 6y (t))
= Hoy, (1) (T + 0y (1)) (68)

Definition 19. Time mapped capacity of the active link

Let v be a internal node. We define the time mapped active
link capacity Qv as the capacity of link v, as seen by an
agent at node .

Q" = Qu

Let j be an arbitrary node, we define the mapped active link
capacity for link v, (t) as seen by an agent at node j as

L= T Q) = QE 0 T = Q0 T
Physically, if node j and node v are on the same branch with
j < v (resp. j = v), then QI (t) is the active link capacity

that an agent leaving node j at time t will encounter (resp.
encountered) at link v (t).

(69)

(70)

Definition 20. Time mapping of queue state
Let © be an arbitrary node and j be an internal node. We



define the time mapped queue state of queue j at node 1, 77}
as the queue state at queue j as seen by an agent at queue i

ny =T () =0 o T™" =n; 0 T™ " (1)

Physically, if queue i and node j are on the same branch with
i < j (resp. i > j), then 77; (t) is the queue state an agent
that leaves node i at time t encounters (resp. encountered) at
queue j.

C. Global evolution of delay

We now have the necessary tools to define the evolution of
delays at any node of the network with respect to the flows at
any upstream node in the network.

Definition 21. First active upstream node
Let v be an internal node. We define the first active upstream
node of v as

Y () = max {ulu <v,nl (t) =1} (72)

v

For notational convenience we also define the following:

AONE AN (73)
B = Th,® (74)
QA = @y, (75)
ORI C) (76)

Theorem 2. Evolution law for delay at an arbitrary internal
node v mapped to any node j

Given an arbitrary internal node v € V\(S U {0}) such that
queue v is active, if the flows at the origin are acceptable
departure curves and the model requirements are satisfied,
the evolution law for delay mapped to any upstream node

jeV\Sis

> peri(t) A (1) B dT%7
, (1)

dsi @ (t @
d—t” = if v is the first active queue € p
t N (¢ St N (t)
Zper%j(t) p( ) - pel:pj(t) b otherwise
Q0 (1) Qu (1)
77

Proof: Let t be a time and v be a node. Evolution law
in proposition [2] gives
dé,
dt

B > oper, i) Ap” (1)
Qo (1)
By the definition of the time mapping functions we have,
0w (1) = 0, (1), Q7 (t) = Q, (t),I'7v (t) = T, (¢). Thus,
equation (78) becomes:
dory
dt

-1 (78)

t

_ Zpel‘;'” (t) Apv (t) _q

=0 (79)
t v

Case 1: If node v is not the first active node of path p and
T, (t) exists.

Let for an arbitrary node j, t/ = T7™ (t). Since all the nodes
between Y, (t) and 7, are inactive by the definition of Y, (),
we have

T ™) — o — ¢ (80)

Furthermore, since 7)7* (¢) = 1, and the full capacity discharge
of active links (assumption E]), we have

SO @) =Qr (1) 81
pel7v (¢)
SoA () =Q5 (b) (82)
pELTv (t)
Thus:
P >\7T'u t
Zperv (t) “'p () -1 (83)

% (1)
By replacing the constant 1 in equation with the above

result we get,
doge | _ Lperz i ' @) Dperz @

a |, 0 ()

This gives us the result for 5 = m,. We will now map this
result to any node j € V\S. By definition of time mapping,
we have

6 =opv o T (85)
Taking its derivative with respect to time, we obtain
ds} dog® 1 dTTd
v _ v T | . 86
dt { at ° } dt (86)
do}) _ 2opermvormond(p Ap’ 0 T (t) B
dt |, Q%Y o T3 (t)
Zpel"z}ztOT”U‘j (t) )\;rv [e] T‘ﬂ'u \J (t) dTTrv o (87)
Q' 0 T (1) dt |,
Equation {@6) on flow mapping gives
, dT ™3 ,
()\;’” o T (1)) - a |, =\, (t) (88)

Substituting this result and the simple time mapping transfor-
mations of A and () into equation gives the final result

o] _ ZpeFi}(t) ) (1) B ZPGF%@@%“ X (89)
dt |, Qb (1) Q% @)
Q (t) Q)

Case 2: If node v is the first active node of path p, we
leave the constant 1 in equation (79) and follow the same
remaining steps as in case 1 to obtain the result.

@ - Zperg(t) /\{, (t) 7 droJ
dt |, 3 () dt

v

oD
t
O
Applying theorem [2] with j = 0, we see that the delays
with respect to the flows at the origin 60 are solutions to the
ordinary differential equations in definition 22]



Definition 22. Time mapped delay evolution differential equa-
tion
o If v is not an active node and the flow on its active link
0
% =0.
e Ifv is an active node or its active link ~ is over capacity,

g is within capacity, then

then
Zperg(t) )\2 (t) _1
d(;o Qg (t)
dtv = if v is the first active queue € p
o Zperaw M (O Eperon Mo (1) .
o - 20 otherwise
Q) (1) Q0 (1)
92)

where the time mapping functions are redefined from

delays as follows:
790 = %" 6

0=<i<j

93)

Proposition 11. Delay evolution does not depend on departure
curves

All the time mapped quantities in equations (92) can be
computed using only the initial delays, departure curve at the
origin and the link capacities. It does not require the departure
curves for any internal nodes v € V\vo.

Proof: The time mapping function only depends on the delay
functions from definition 0} The time mapped flows can be
obtained using the time mapping function using proposition
The other time mapped quantities are by definition constructed
using the time mapping function as given in section [[II-B
O

D. Equivalence of departure curves and delays

We prove Theorem |l on the existence and uniqueness of
Problem [T by first showing the equivalence between Problem [I]
and Problem 2] (defined below), and then proving the existence
and uniqueness of Problem [2] in the next section.

Problem 2: General delay problem

Input. An arborescence (V, L) with source vg and sink set S,
capacities y; (t),Vl € L, t € [tinitial, thinal], departure functions
from the source D,° € D(tinital, thinal) VP € Py, and initial
delays 0y, (tinigal) > 0, Vo € V\(SU{vo})

Question. Does a solution to the time mapped delay function
from definition for each node v € V\vy exist and is it
unique?

Theorem 3. Problem (1) and problem (2)) are equivalent

Proof: The inputs to both problems are identical.
Therefore, we only need to prove that the existence of
a solution to one problem implies a unique and feasible
corresponding solution to the other problem.

(=) Suppose first that Problem |1 admits a solution.
By the definition of delay,

8, (t) = [Dy] (DF (1) — t, (94)

By the definition of time mapped delay we obtain,

8y (t) =677 () o T™ O (t) (95)
= o7 ((Dy) ™ (D (1) = (DY (D} (1)) (96)

p

=0, ([Dp)1~ (Dyv (1)) — [P (Dpv (1)), O

which can be made a function of only D) by equation @)

Theorem [2| then ensures that the delay functions thus defined
satisfy the time mapped delay evolution from definition
i.e. a feasible solution to problem 2} Furthermore, the solution
is unique from equation (97), since Dy is a strictly increasing
function.

(<) Suppose now that Problem [2| admits a solution &9 (¢).
We can build the corresponding departure curves Dp (t) as
follows.

DY (t) = 67 (t) (98)

The inverse departure curve [D9]~' (z) can be constructed
from Dg (t), since the departure curve is strictly increasing.

(D37 (2) = [Dp] ™! (@) + T (D] () (99)

The departure curve D) (t) can also be constructed from
[Dp]~! (x) due to the strictly increasing nature of the
functions.

We now show that the departure curves thus defined are

feasible departure curves, i.e. a feasible solution to problem [I]

1) Dg is continuous and piecewise C; because )\g is

piecewise continuous. Furthermore, since 77:° is strictly
increasing for all nodes j, Dy is continuous and piece-
wise C.
The capacity constraint on links is imposed by equation
due to proposition
The FIFO condition is satisfied by construction since the
delay 6° is not a function of the path p.
The full capacity discharge of the active queues is also
imposed by by equation due to proposition

|

2)
3)

4)

E. Existence and uniqueness of the time mapped delay evolu-
tion

This section proves Theorem [ on the existence and unique-
ness of the solution to Problem 2

Theorem 4. Existence and uniqueness of the solution to
problem (2)
The solution to problem (2)) exists and is unique on the time
interval of the problem [tinisiar, tinall, if the following conditions
are satisfied.

1) the path flows at the origin )\2 (t) are piecewise poly-

nomial,
2) link capacities | are piecewise constant over time.

The proof of this theorem is fairly technical and requires
several definitions and lemmas. Theorem|I]is a direct corollary



of this result due to to Theorem |3| on the equivalence of the
two problems.

The main goal of the proof of Theorem [M] is to show
that there are a finite number of possible transitions, and
to integrate equation (92) across the transitions. The next
definitions and lemmas enables to establish these properties.

Definition 23. Depth of a node d (v)
We define the depth d (v) of a node v as the number of links
on the unique path from the origin vy to node v

Definition 24. Link constraint comparators By, ., ) (t) and
Be, (t)

Given a node v and two distinct links (I1,13), we define the
boolean comparator B, ) (t) as follows:

L Lper, Ao
L —0m

0 otherwise

per, Ao
n, ()

B(Cllycb) (t) =

(100)
Given a node v and link | € L9, we define the boolean
comparator B, (t) as follows:
e P, Ag(t)

Bcl (t) = { 1 lf #?(t)

>1 (101)

0 otherwise
Definition 25. Time segment of constant link constraint J
A time segment J is a segment of constant link constraint if
and only if
1) for each each | € L, the boolean B, (t) is constant on
J,
2) for each each pair of nodes (l1,ls) € L, the boolean
B(e), 1) (t) is constant on J.
3) for each each | € L, the time mapped link capacity
u? (t) is constant on J.

Lemma 12. Under the assumptions on flows and capacities,
there are a finite number of segments of constant link con-
straint

Proof: Consider a pair of links (I1,l2). Since capacities are
piecewise constant and flows are piecewise polynomial, there
are a finite number of segments on which the capacities are
constant and flows are polynomial. On any such a segment,
2per;, Ap(®) 2per;, Ap(®) 2per, Ap(t)
up, (£) mi, (t) my, (t)
Therefore, the number of times each expression crosses zero
is bounded by the degree of the polynomial, which implies
that there are a finite number of segments of constant link
constraint. O

an

are polynomials.

Lemma 13. Constant active link
If J is a segment of constant link constraint, the active link
79 of any node v is constant on J.

Proof: The result comes directly from the definition of a
segment of constant constraint. O

Definition 26. Solution of depth n

A solution of problem for depth n is a set of solutions
0y for all nodes v such that d(v) < n. It can be rigorously
defined because the equations for §,, only depend on variables
associated with nodes of depth less than n.

Definition 27. Elementary time segment T (v)
Given a node v and a solution of depth d(v) —1 (if v is not the
origin), an elementary segment for node v is a time segment
T¢ (v) such that
o T¢(v) is a segment of constant constraint,
o If v is not the origin, for each node j € V such that
d(j) < d(v), the node state n; (t) is constant on T¢(v).

Lemma 14. Single transition of node state on an elementary
segment

If there exists a solution to problem () up to depth d(v — 1),
and if T°(v) = [to,tf] is an elementary segment for node v,
then there is a solution 5° of the problem and node v admits
at most one transition in T¢(v).

Proof: As for each node j € V such that d(j) < d(v),
the node state n; (t) is constant on T°°(v), the first active
upstream node Y, is constant over time. Moreover, as 7°¢(v)
is a segment of constant constraint, Lemma E] gives that
active link v, and first active upstream link 4, are constant

0 - 0
on T°(v), and the sign of 2perg(e Ap (8) _ Zpepg(t) Ap (1)
Q5 (1)

Q7 (1)

is constant on T¢(v).

Let us now consider the following four cases:
D Bres, ) (fo) = Ly (1) =1
ﬁ v
dt |,
active no transition will occur.
2) B(c% ,(:%8 (tO) =1, 7]3 (t) =0
v
dat |,
transition to being active 70 (t) = 1. No further transi-
tions will occur as shown above.

3) Bes, ) (f0) = 015 (1) = 1

> 0 and since the queue state is already

=

> 0 and the queue state will immediately

v

dt
dissipating. There will be a transition in the queue state

to inactive 79 (¢) = 0 if the queue dissipates by time ¢
and the queue state will remain active otherwise.
4) B(c% ,c%%(tO) =0, 779; (t)=0

v

dt
. t S
equality case and the queue state remains inactive.

< 0 and the queue at node v starts

=

< 0 and the only possibility is the strict

O

Lemma 15. Unique solution on an elementary segment

Let T¢(v) be an elementary segment for node v. Assuming a
solution of depth d(v) —1 (if v is not the origin), then solution
of equation Jor node v exists is unique on T¢(v).

Proof: By Lemma[I4] there can be at most one state transition
of node v in T°(v). This splits 7¢(v) into at most two sub-
segments where 7, = 0 or 1, = 1. From Lemma |13| we have
that active link +y,, and the first active upstream link Y, are con-
stant on T¢(v). Therefore, the quantities I‘U,fv, Q. and Qv
are constant on 7¢(v). Equation states that

e If v is not an active node (7, = 0) and 0the flow on its

7 =0.

active link -, is within capacity, then



e If v is an active node (1, = 1) or it’s active link -, is
over capacity,

> pero ) A (1)

-1
d60 qu) (t>
dtv = if v is the first active queue € p
k Dperon Ap (t)  Xpero Ap (B) .
o — 25 otherwise
Qﬂ (t) Qv (t)
(102)

As all the variables in equation other than the flow
AD (t) are constant during an elementary segment 7(v) and
the flow A9 (t) is continuous in ¢ for all ¢ € T¢(v), we can
show that equation (I02) admits a unique solution on the
interval T¢(v) by the Picard-Lindelof theorem. O

We have now all the ingredients to prove Theorem [4]

Proof of Theorem[d We will prove the following proposition:
The time interval of interest (tiniial, tinat) can be partitioned
into a finite set of elementary segments, and the solution to
problem (2)) exists and is unique

The proof is done inductively over the depth of the network.
If the network contains a single node v, [tinitial; tfinal] 1S an
elementary segment for vg, (finitar, tana] € T (vo) and there is
a unique solution by Lemma By the induction hypothesis,
let us now assume that (Ziiga, tana] can be partitioned into
a finite number of elementary segments with respect to all
nodes of depth n and that the solution exists and is unique.
Let tg,t1, - ,tm be times such that E,, = {(t;,t;411],Vi €
[0,m — 1]} is the set of elementary segments for nodes of
depth n, and let 6, for all v € {V|d(v) < n} be the unique
solution of depth n.

Let K,, be the non-empty set of nodes of depth n, and let
v € K,, be a node in this set. Lemma [T4] gives that for each
v € K, there is at most one state transition on (¢;,%;41]. Let
F,(v) be the set of times at which these transitions occur for
node v. Since there are m elementary segments, there can at
most be |F, (v)| < m transitions. If F}, is the set of times at
which the transitions for all nodes of depth n happen, |F,| <
m - I,.

Let {t(,t7,--- .t} = {to,t1,-- ,tm} U F, be the m’
segments created by splitting F,, at each of the state transitions
for nodes of depth n. The total number of segments m’' satisfies
m' < m- (K, +1), since |F,| < m - K,. By the definition
of the ¢}, for each i € [0,m'] we have

o for all v € Ky, 0, is constant on (t},; ],

o (ti,t;, 1] is a segment of constant constraint .J, since it
is subset of an elementary segment, which is already by
definition a segment of constant constraint.

Thus, [t;,t;,,] is an elementary segment for all nodes of
depth (n + 1). Furthermore, by Lemma this implies that
there is an unique solution to all nodes of depth n + 1, which
concludes the proof. O

This also completes the proof of Theorem [I]
Proof of Theorem [I} Problem [I] is equivalent to Problem [2]

by Theorem [3] and Problem [2] admits a unique solution by
Theorem [ O

In some applications, it is also important to be able to
computing the total delay experienced by an agents that takes a
particular path. [A] provides analytical expressions for the total
delay along a path.

IV. APPLICATIONS

The solution to problem (I)) models the flows in the network
given the departure time functions at the origin and the initial
delays by providing the departure time functions for all the
other nodes in the network. The solution can be obtained
by first solving problem (2)), which provides the agent delay
function at each node. Practically, problem (2) easier to
directly solve than problem (IJ), because it corresponds to an
explicit automaton that is easy to implement for numerical
simulations.

Given a discretization time step At and the initial conditions
dy (0), algorithm gives a numerical solution to the discretized
problem (2). The algorithm numerically integrates the ordinary
differential equation (ODE) given in equation over time to
obtain the solution. The algorithm relies on the fact that each
discretized time step is an elementary segment, because the
path flows and capacities are assumed to be constant (discrete
approximation) during each time step.

Algorithm 1 Calculate approximate solution of problem

solveDelays (sourceFlow: \°, initialDelays: 6°[0], capacities: 1)

for [ € LY" do
fort=1to T do
update(v)",t,1,0)
end for
end for

update(node: v, timeStep: t, lastActiveConstraint: @)
if v ¢ S then

AR, [t] = A 1, [t] + 00[t — 1]

for [ € L, do

pp [t = pu(t + A, [t)

014 — ZPEPl Ag[t}
altl=—=——¢7—
Hy [t]
end for
Yo[t] = argmax;c pou o1 (1)
Lult] = Py,
Zpel“v [t] )‘g [1]

(1]
8%1t] = max (0, (w,
for [ € L do

if 50[¢] > 0 then
update(v™, t, w,y)
else
update(v™, t, @)
end if
end for
end if

wyt] =
— ) - At)




A. Single route with multiple bottlenecks

The first case we will study is that of a simple single
path network with multiple queues due to several capacity
bottlenecks, as illustrated in figure @ This network can be
modeled as a tree with a single sink, i.e. a single path. Thus,
we will remove the path index from the notation in this section.
Each internal node v has a unique child, thus the internal nodes
can be indexed by the integers vy, - - - ,, n and the unique path
of the tree is [vg,y 1, , U, vs]. Moreover, as they model a
succession of queues on the same road, we can assume that
the capacity of each link (v;,v;41) is constant and equal to
capacity of the corresponding road segment Vv, (i, v, ,, = [
From theorem [5] we know that the evolution of delay is given
by

Dprer ) Ay (t)

dAy| ——=—————1 if p has an active queue
t 0 otherwise
(103)
3 2

Fig. 3. MultipleBottlenecks on a road.
Since, the link with the smallest capacity will always be the
last active link /i = min(jiy, v, ):
XO(t . : .
ﬁ — 1 if there is an active queue
= p (104)
t 0 otherwise

dA°
dt

Thus, the evolution of total delay is equivalent to the
evolution law for one queue of capacity x, and the network
can be simplified to a unique internal node v followed by a
link of capacity fi.

If the capacity of the links is time varying and fi(t) is the
capacity of the most constrained link that the agent entering
the network at time ¢ is subjected to,

dA° X(t) — 1 if p has an active queue
e fi(t) (105)
t 0 otherwise

B. Off-Ramp bottleneck

The next application is to compute the the dynamics of
a congested freeway off-ramp, using the off-ramp model
presented by Newell [11]. This example shows the versatility
of our framework, since Newell’s the model includes non-
FIFO dynamics at the off-ramp. This is accommodated by
introducing an additional node and state dependent capacities
on two links. The description of the model is as follows.
As seen in figure @a), there are two flows )\, and ). that
enter the network, which has a capacity of pj. Therefore,
An (8) + Ae (t) < pp. The exiting flow ). is restricted by
a capacity constraint of p. at the exit. There are four possible
states of queuing dynamics that can occur based on the flow
values. Figure [3] illustrates the transitions between the states.

Sn Sn

t ¢

t 4

(a) (b)

(d (©

Fig. 4. Off-Ramp model - (a) state 00 (b) state 01 (a) state 10 (a) state 11

Case 1: Ao < pe. If Ac (t) < pe, no queues will form in the
network and there will be no delay.

Case 2: N\e > pe and A\, < pp. If Ao (t) > pe, an exit
queue will start forming at the entrance to the exit as seen in
figure [@(b), which will then restrict the capacity of the freeway
from pyp, to ..

Case 3: Ae > pte, Ap > pr and ﬁ\‘—: - Ae > . If the freeway
flow A\, > u,., then a second freeway queue will start forming
behind the exiting agent queue, as seen in figure [dfc), since
the freeway demand is greater than the new reduced freeway
capacity pu,. This second freeway queue will contain both
freeway and exiting agents and therefore the flow exiting the
queue will be subject to the first-in-first-out (FIFO) condition.
As a result, since the freeway flow \j, is restricted to a rate
of u,, the exiting agent flow at the freeway queue will be
restricted to A, = §= - Ac.

Case 4: e > jie, Ap > iy and ’;—;-)\e < pte. Now, if X < pe,
then the off-ramp queue will start decreasing since the flow is
less than the capacity and the queue will disappear. Thus, in
this case, an off-ramp bottleneck created a second bottleneck
that in turn removed the off-ramp bottleneck, which is an
unstable equilibrium. Therefore, as explained in [11], there
will be a single queue of both freeway and exiting agents that
occurs at the off-ramp, as seen in figure f[d), and the freeway
flow through the bottleneck will be \9“¢ = &= - A according
to the FIFO condition.

The uniqueness and existing properties hold even with the
state dependent capacities, since the flows are assumed to be
piecewise polynomial and therefore lead to a finite number
of state transitions. This implies that the link capacities are
piecewise constant. Therefore, we can solve for the delays in
this network using algorithm [T} Furthermore, this subnetwork
can be part of a larger network over which we wish to compute
the system delays.
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Fig. 5. State transitions in the off-ramp model. The four states

0, Qe, (Qe, Q) and Q, correspond respectively to the cases (a), (b), (c)
and (d) from figure [

Figure [6] shows the flow and delay profiles for a numerical
example of the off ramp network with the following link
capacities: ugp = 5, ug = 30 and p = 45. We can observe the
following state transitions during the simulated time window.

o At t=92 Appearance of exiting agent queue.

e At t=121 Appearance of freeway queue.

o At £t=222 Disappearance of exiting agent queue.

o At t=372 Disappearance of freeway queue.

One interesting observation is that freeway congestion
caused by the exiting agent bottleneck persists well beyond
the time at which the exiting agent queue disappears.
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Fig. 6. Simulation of states and delays (6, df7) as functions of time ¢, given
the incoming flows at the off ramp, and road parameters: ug = 5, ug = 30
and p = 45

V. CONCLUSION

This article presented a mathematical framework for mod-
eling traffic flow through a network with a single source and
multiple sinks. The model satisfies the standard laws of flow
dynamics and is shown to lead to a well-posed dynamics
problem with an unique solution. The main benefit of this
framework is the ability to analytically prescribe the delays
at each junction as a function of the boundary flows at any
other upstream junction and the delay over any sub-path with
respect to the boundary flow at the source node of the sub-
path. This is a critical requirement when solving control and
optimization problems over the network, since solving an

optimization problem over simulation models is generally in-
tractable in terms of computational complexity. The versatility
of computing the delays as a function of the inflow at any point
in the network is achieved though a mathematical framework
for time mapping the delays. An algorithm for computing
a discrete approximation of the system numerically is also
provided. The application of the framework is illustrated using
two examples, a single path consisting of multiple bottlenecks
and a diverge junction with complex junction dynamics. The
main limitation of this framework is the limitation to single
source networks. The time mapping framework presented can
however be generalized to any non-cyclic (tree) network. Thus,
the next step would be to introduce merging dynamics into the
model to obtain a more general network model.
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APPENDIX A
TOTAL PATH DELAY

In some applications, it is also important to be able to computing the total
delay experienced by an agents that takes a particular path. In this section,
we provide analytical expressions for the total delay along a path.

Definition 28. Total delay of a path p
We define the total delay Ag encountered on a path p at time t as the
total delay encountered by agent on path p that enters on the network at
t throughout its entire path to the sink node.

Up N 1—

AD (1) = [D,"N ]~ (DS (1) —t (106)
where vy, is the last non-sink node on path p. We define the time mapped
total delay A% as the total delay in path p as seen by an agent that is at
node j at time t.

i _ mi,0 (AO
Al =170 (A)) (107)
Proposition 16. Total delay Ag,_ as a function of queue delay &

The time mapped total delay A‘; encountered on a path is equal to the sum
of delay encountered by the agent on its path.

>

veVp\({0}US)

Al (t7) = & (t9) (108)

where t7 is the time that the agent is at node j.

Proof: Let t' = T%J (tj ) We obtain the result as follows using the
definition of delay and a series of time mappings.

LHS = A (¥)
= TA()
= AT ()
= 85 ()
= DTN (%) -
RHS = oo &) S s ™)
veVp\({0}US) veVp\({0}US)
= > ey~
veEVp\({0}US)
= X IDTH(Op ) — (g (O ()
vEVp\({0}US)
= > DDy () — P51 (D (1)
veEVp\({0}US)
= D" (D (%) = (D) (D (%))
Sl A () R

Definition 29. Active link of the last active queue of a path p at time t
(ap (1))

Let p be a path and t be the time that an agent departs node j. We define
the last active queue of the path p time mapped to passing node j at time t
as

al (t) = max {veVyni(t) =1} (109)
For notational convenience we also define the following:
BO = v, ® (110)
(1) = P ® (111
RO = u,,® (112)

Theorem 5. Evolution law for total delay Ag
Let p be a path, t be a time. The evolution law for total delay at time t is

Lprergn Ao @)

dA) 1 ifp h ti

dtp _ Q?, ® if p has an active queue (113)
t 0 otherwise
Proof: Taking the derivative of equation (T08) for j = 0, we obtain
0
Pl _ > a3 (114)
dt | dt
t  weVR\(SU{0}) t

ds?

= 7: (115)
t

{vlveVp\(SU{0}) 9 (H)=1}

Note that 79 (¢) = 1 implies node v is active when the source flow at time
t reaches node v. From theorem |2| with 7 = 0 we have,

Y pero () Ap (1)

d50 Qg (t)
TZ’ = if v is the first active queue € p
0
t Zperg(t) )‘2 (t) Zpef“g(t) Ap (®) .
o — = otherwise
Q7 () Q9 (1)
(116)

Plugging this into equation (TT3) gives a telescopic series, since it only
considers the active nodes of the path and Qg (t) gives the capacity of the
last active link of path p. Thus, we obtain

> €10 (¢ A, (t)
— % —1 (117)
Q3 (@)
If p does not contain an active queue there is no queuing in the path, which
means there is no change in the queue length and therefore no change in the

0
dA?
dt

delay. d
Remark 9. Note that this theorem can be extended to any subpath p;; € p
such that i
dAi | 2prery Ay ()
EN iy -1 (118)
dt . Q;ij ()
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