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SUMMARY

In this paper, we study the call admission control (CAC) and routing issue in multi-service networks. Two
categories of calls are considered: a narrow-band with blocked calls cleared and a wide-band with blocked
calls delayed. The optimisation is subject to several quality of service (QoS) constraints, either on the
packet or call level. The objective function is formulated as reward maximisation with penalty for delay. A
suboptimal solution is achieved by applying Markov decision process (MDP) theory together with a three-
level approximation. First, the network is decomposed into a set of links assumed to have independent
Markov and reward processes respectively. Second, the dimensions of the link Markov and reward
processes are reduced by aggregation of the call classes into call categories. Third, by applying
decomposition of the link Markov process, the link MDP tasks are simplified considerably. The CAC and
routing policy is computed by the policy iteration algorithm from MDP theory. The numerical results show
that the proposed CAC and routing method, based on the approximate link MDP framework, is able to find
an efficient trade-off between reward loss and average call set-up delay, outperforming conventional

methods such as least loaded routing (LLR). Copyright © 2006 AEIT.

1. INTRODUCTION

We consider the problem of optimal call admission control
(CAC) and routing in multi-service networks such as ATM
and STM networks, as well as IP networks, provided they
are extended with resource reservation capabilities. The
objective is to maximise the revenue from carried calls,
while meeting constraints on the quality of service (QoS)
and grade of service (GoS) on the packet and call level
respectively.

The network is offered traffic from K call classes. Each
call class is associated with one of P origin-destination
(OD) node pairs. Each OD pair is offered traffic from G
call categories, meaning that K = PG. For presentation
simplicity, we assume G = 2 which is represented by

one narrow-band (NB) category requesting a bandwidth
of b, Mbps, and one wide-band (WB) category requesting
b,, Mbps (b, < b,,). The required bandwidth is repre-
sented by the call’s peak bandwidth in case of determinis-
tic multiplexing, and by the call’s equivalent bandwidth in
case of statistical multiplexing.

It is well known that when calls are set up on demand,
the WB calls can suffer significantly higher rejection rates,
compared to NB calls, if there is no additional mechanism
to provide access fairness under overload conditions [1].
There exist two main approaches to cope with this fairness
problem: access control of NB calls or queuing of WB
calls.

Trunk reservation is a form of access control which
reserves capacity to WB calls by rejecting NB calls when
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the link occupancy is over a threshold. While access con-
trol can deliver good fairness properties, this is usually
achieved at the expense of bandwidth utilisation.

Queuing of a WB call request is done when there is not
sufficient bandwidth to accept the call request. When a suf-
ficient amount of bandwidth becomes available in the net-
work, a waiting WB call is allowed to enter the network.
This approach, if applied correctly, can provide access
fairness and increased bandwidth utilisation when com-
pared with trunk reservation.

Modern CAC and routing mechanisms are state-depen-
dent rather than static, which means that the decision to
reject the request for a new call, or to accept it on a parti-
cular path depends on the current occupancy of the net-
work. The state of the network is represented by the
number of calls from each class in service, or waiting
for service, at each network link. A state-dependent
CAC and routing policy is based on a mapping, for every
call class, from a network state space to a set of possible
routing decisions, see Figure 1. First, the CAC mechanism
determines the set of feasible paths between the source and
destination which offers sufficient QoS to the new and
existing calls in terms of delay, delay variation, and data
loss. Second, the CAC and routing mechanism should
select one path among the set of feasible paths to convey
the call or to reject the request if call acceptance would
diminish the expected revenue. While contributing to the

maximisation of the average revenue for the operator, this
choice must comply with GoS constraints in terms of
call blocking probabilities and call set-up delays. State-
dependent mechanisms offer advantages both in terms of
achievable revenue and ability to control the QoS and GoS.
This paper deals with a particular form of state-dependent
CAC and routing, where the behaviour of the network is for-
mulated as Markov decision process (MDP) [3, 4]. An MDP
is a controlled Markov process, where the set of state transi-
tions from the current Markov state to other Markov states
depends on the decision or action taken by the controller
in the current state. Reward delivery from the user to the net-
work can be modelled as occurring at call completion since
this provides a correct model of carried reward.
Nordstrom and Dziong proposed in Reference [5] an
MDP framework for CAC and routing with blocked NB
calls cleared and blocked WB calls delayed. The control
objective was formulated as maximisation of a reward
function being a linear combination of the reward from
accepted NB and WB calls and the average WB call set-
up delay treated as cost (penalty). A given OD pair can
be offered traffic from several NB and WB categories
which each can have an unique value of the reward para-
meter. Since both NB and WB calls are accounted for in
the control objective it becomes possible to control the
access fairness (call blocking probability) among both
the NB and WB classes and not just among the NB classes
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Figure 1. State-dependent CAC and routing.
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MDP-BASED CAC AND ROUTING WITH DELAYED CALLS

as was suggested in Reference [6]. The trade-off between
NB and WB reward loss and average WB call set-up delay
is controlled by the weight of the average delay term.

The computational burden of the exact MDP framework
for CAC and routing is prohibitive even for moderate-size
networks. Fortunately, it can be reduced to manageable
levels by a set of modelling simplifications. First, the net-
work is decomposed into a set of links assumed to have
independent traffic and reward processes respectively.
Second, the K dimensional link Markov process and
link reward process are aggregated into a G dimensional
link Markov process and link reward process respectively.
Third, as will be studied in this paper, the exact G
dimensional link MDP task is transformed into an approx-
imate link MDP task which has feasible computational
complexity.

The computational burden of each link MDP task asso-
ciated with the G dimensional link Markov process
increases exponentially with the number of categories G.
In order to cope with the problem imposed by large state
spaces, several link MDP frameworks with reduced com-
putational cost have been proposed, notably methods
based on state aggregation [7], decomposition of the link
Markov process [6] and polynomial cost approximation
[8, 9].

Krishnan and Hiibner proposed a state aggregation link
MDP framework based on a scalar link state representing
the link occupancy [7]. Transition probabilities between
link states were derived from link occupancy probabilities
obtained by a recursive procedure due to Kaufman [10]
and Roberts [11]. The MDP task was solved by one-step
policy iteration.

Nordstrom and Carlstrdm proposed a modification of
the link reward model used in Krishnan’s and Hiibner’s
state aggregation method [12]. The new reward model
more accurately reflects the bandwidth occupancy by dif-
ferent call categories. The modification can improve the
network revenue significantly according to simulation
results in Reference [12].

The link Markov process decomposition method is due to
Liao and Mason [13] and Dziong, Liao and Mason [6]. They
observed that when the holding times of WB calls are signif-
icantly longer than for NB calls, the NB process changes
state much more often than the WB process. This justifies
that the NB and WB process can be analysed separately.
The NB process is analysed separately for each state
of the WB process, and the WB process is analysed by tak-
ing the average ‘disturbance’ of the NB process into account.

State aggregation cannot be used between the NB loss
category and the WB delay category, since the state space
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is not coordinate convex. The condition for coordinate
convexity is not fulfilled since NB transitions are allowed
from a given state (due to a NB call departure) but a transi-
tion in the other direction (due to a NB call arrival) is not
always allowed. In order to maintain coordinate convexity,
the NB arrival should sometimes be able to preempt a WB
call from the link to the queue, which is not allowed. How-
ever, we can use state aggregation within the NB loss cate-
gory and WB delay category. For example, we can
construct an NB super-category from a set of NB subcate-
gories with different NB bandwidth requirements. Link
Markov process decomposition can then be applied
between the NB and WB super-categories.

Marbach, Mihatch and Tsitsiklis applied reinforcement
learning to estimate the optimal second-degree polynomial
link-cost approximation [8]. Although the complexity of
each simulation step is fixed and low, the required number
of simulation steps is large (in the order of 107).

Rummukainen and Virtamo proposed an analytical link
model for computing the cost relative values as a linear
combination of a modest number of basis vectors [9].
Single- and double-coordinate monomial vectors, piece-
wise constant vectors and piecewise single-coordinate
monomial vectors were considered as basis vectors. The
MDP task was solved by one-step policy iteration.

In this paper, we propose a new decomposed link MDP
model for the CAC and routing objective proposed in
part I of this paper [5]. The link MDP model for the
WB process is the same as in Reference [6]. The link
MDP model for the set of NB processes is new. The set
NB processes are classified into NB processes without a
trapping state and NB processes with a trapping state.
When the NB process enters a trapping state it stays there
until the WB process enters a new state. The presence of
a trapping state makes the NB process non-irreducible.
An NB process without a trapping state can be analysed
in the standard way. However, an NB process with a trap-
ping state must use a new solution model to obtain the
relative values.

The contribution of this paper is twofold. First, we
describe how the concept of link Markov process decom-
position can be used to obtain a computationally feasible
solution to the considered CAC and routing problem.
Second, we present an extensive numerical evaluation,
based on simulation, of the MDP-based methods for
CAC and routing. For comparison, the performance of
the least loaded routing (LLR) algorithm is also evaluated.

A numerical comparison to the polynomial cost approx-
imation by Rummukainen and Virtamo is left for future
work.
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The paper is organised as follows. Section 2 formulates
the CAC and routing problem in terms of offered traffic,
network and queuing model, QoS and GoS constraints
and optimisation objective. Section 3 describes the net-
work model and the decomposed link MDP model.
Section 4 outlines the MDP computation procedure.
Section 5 presents formulas for the computational com-
plexity for the approximate link MDP models based on
state aggregation and link Markov process decomposition.
Section 6 gives a summary of the numerical/simulation-
based evaluation of the performance of the MDP-based
methods as well as some conventional routing methods.
Finally, Section 7 concludes the paper. Sections 2, 3 and
4 have some text common with part I of this paper.

2. CAC AND ROUTING PROBLEM
FORMULATION

2.1. Traffic assumptions

The network is offered traffic from K classes which are, for
sake of simplicity, subject to deterministic multiplexing.
The j-th class, j€J ={l,...,K}, is characterised by
the following:

Origin-destination (OD) node pair,

Bandwidth requirement b; [Mbps],

Poissonian call arrival process with rate /; [s™'],
Exponentially distributed call holding time with mean
1/ K [s],

Set of alternative routes, W;, and

e Reward parameter r; € (0, 00).

The parameter 7; is a CAC and routing control parameter
that can be used to achieve several different objectives of
the network operator. In particular it can be used to max-
imise the network revenue if the reward parameters are
proportional to the call charging. It can also be used to
achieve fairness in network access by increasing the
reward parameters for handicapped calls and vice versa.

On the network links, the classes are aggregated
into G = 2 bandwidth categories. The i-th category, i €
I ={1,2} = {n,w}, on link s, is characterised by:

e Bandwidth requirement b; € {b,, b,,} [Mbps],
e Average mean call holding time 1/ [s],
e Average reward parameter 7; (7).

where 7 denotes the CAC and routing policy.
The symbols used in this paper are listed in Tables 1-3.
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Table 1. Symbols used in the paper (a).

Network CAC and routing policy
Link CAC policy

Number of OD pairs

Number of call classes
Number of call categories
Class index

Category index

Link index

Path index

Set of class indices

Set of category indices

Set of link indices

Set of link indices for path k
Bandwidth requirement

Call arrival rate

Call holding time

Set of alternative routes
Number of alternative routes
Reward parameter

Average link reward parameter
Average mean holding time
Offered network reward
Carried network objective reward
Carried network reward
Average call set-up delay
Delay penalty weight

Network state

NB link state

WB link state

State transformation function
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2.2. Network and queuing model

The network is assumed to consist of a set of switching
nodes. The switching nodes communicate in both traffic flow
directions using uni-directional links. Each uni-directional
link has one finite FIFO queue for WB call requests. The fol-
lowing basic scheme of queuing system management, ori-
ginally proposed in Reference [6], is assumed throughout
the paper. When the path chosen by the CAC and routing
algorithm has sufficient available capacity for the new WB
call, the call is set up between the considered OD node.
Otherwise, at least one link along the path is not able to
directly accept the new WB call. At those links, the new
WB call request joins the queue at the tail. We assume that
the path would not be chosen when some of its links has
insufficient capacity on both the link and in the queue. At
links with sufficient capacity, bandwidth is reserved for the
new WB call while waiting for all links to be ready to accept
the call. A link queue is served when a sufficient number of
bandwidth units become available on the link. In this case,
bandwidth for the WB call at the head of the queue is
reserved on the link. When bandwidth has been reserved

Euro. Trans. Telecomms. (in press)



MDP-BASED CAC AND ROUTING WITH DELAYED CALLS

Table 2. Symbols used in the paper (b).

NB state space X, (x)
WB state space X

Set of possible x/, states Y, (), X
Set of possible x], states Y, (x),)
Lower limit for NB occupancy L(x,, x,
Number of class j calls 3
Queue state 77, X
Link capacity C’
Queue capacity L

NB action space A,

WB action space A,
Action Ay, ay,
NB state transition probability Proy,lx, (@n)
WB state transition probability Dx,y, (@
Link reward parameter re

Rate of offered calls /lé‘(n)
Rate of accepted calls l

NB link call arrival rate f,(x,,,)d )
WB link call arrival rate 2, (xy, )
Blocking probability BC( )
NB filtering probability o (x,,,xw )
WB filtering probability DOk (xw7
Category probability pU

NB average sojourn time T(Xp, X, ay)
WB average sojourn time 7(%, aw)
NB expected reward R}, (X, X),, ay)
WB expected reward RDW (%, ayw)
Exceptional service time 0 ()"
Queue access probability B, (xy)
NB reward rate q, (X, x,,)
WB reward rate q,(xy)
Table 3. Symbols used in the paper (c).

Path net-gain gy, n)
Link net-gain gl(x,m)
NB link net-gain & (xy, %), m)

WB link net-gain

NB increment vector

WB increment vector

Link shadow price

Relative reward

NB relative value

WB relative value

NB reference state

WB reference state

Trunk reservation parameter
Total offered traffic load
#simulation points per curve
#simulation runs per point
Pooled variance

Variance of pooled variance
Reward loss

Objective reward loss

giv(xW7xw ’ TE)
n
6‘1/
pi(x,m)
m* (Y, X,,, @y )
Vi (X, X, )
va(xm )
xnr
xwr
0"
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on every link along the path for a given WB call, the call is
set up between the considered OD node pair.

The advantage of this scheme is its simplicity but its
performance may have some drawbacks. One is the ‘reser-
vation’ traffic caused by multi-link calls due to bandwidth
reservation on some links while the call request is in the
queue of other links. Although this ‘reservation’ traffic is
likely to be negligible under nominal conditions, it can be
significant in case of overloads.

2.3. QoS and GoS constraints

CAC and routing faces QoS constraints and, possibly, GoS
constraints. First, the CACq,s function finds the set of fea-
sible paths that comply with the end-to-end QoS con-
straints of the requested call class. Second, the routing
function selects a path for the new call. Third, the
CACgos function accepts/rejects this choice based on rev-
enue considerations and end-to-end GoS constraints of the
requested call class.

We adopt the definition of QoS and GoS recommended by
ITU [14]. The QoS measures include packet delay, packet
delay variation and packet loss probability. To simplify
CAC, each link typically has a target QoS level that it should
maintain. The link QoS constraint is used by the MDP rout-
ing controller to determine the set of feasible link states.

The GoS measures include call blocking probability and
the call set-up delay. As already mentioned, the reward para-
meters offer a flexible tool for controlling the GoS among
the call classes. The reward parameters that are in agreement
with the revenue objective of the network operator and the
GoS demands of the users can be determined by some auto-
mated search procedure. The end-to-end call blocking prob-
abilities for a given configuration of reward parameters can
be determined from a set of fixed point equations [15].

2.4. Objective function

In our loss-delay type of system, we have to deal with bi-
objective type function. Let us first define each objective
separately. To take into account traffic losses due to rejec-
tion of NB and WB call we apply reward formulation. In
this case the reward from a carried call is defined by the
reward rate g; = rjp; where rj, ; denotes reward parameter
and departure rate of the j-th type connection respectively.
Now we can define the objective function, R, as average
reward from the network given by

R=> "rk (1)

J
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where /; denotes the j-th class connection acceptance rate
(the process is assumed to be stationary). The obvious goal
of the CAC and routing algorithm is to maximise the
objective function. This approach was already applied in
state-dependent routing schemes for loss systems pre-
sented in References [16, 17]. The reward maximisation
has several advantages from the management point of view
since by controlling the reward parameters one can almost
independently control the grade of service of individual
streams (cf. [16, 17]). Another advantage is that by using
the control model presented in References [16, 17], the
objective function can be decomposed as follows

R=Y"F (2)

where R denotes the average reward from the s-th link.
Since in our system the NB and WB calls are treated differ-
ently it may be convenient to separate the corresponding
rewards:

R=R,+R,=) [R,+R})] (3)

If we would be concerned only with the delay of WB
connections, the natural objective of the CAC and routing
algorithm would be to minimise the average delay of calls,
D. For the proposed management of queuing system such
an objective function is given by

D= ZDﬁ (4)

where D* denotes the average delay of calls in the s-th link
queue and A, A, denote the arrival rate of WB calls
offered to the s-th link and totally, to all OD pairs of the
network respectively.

In general the presented two objectives are conflicting,
that is when D is increased by the control, R is also
increased and vice versa. Thus the global objective func-
tion must provide a mechanism to trade-off the mentioned
two objectives.

We select for the objective function a linear combina-
tion of the two, which can also be interpreted as reward
maximisation with penalty for delay of WB, calls:

Rp=R—aD (5)
where o is the delay penalty weight which determines the
trade-off value between the reward and average delay
changes. By using Equations (2),(4) in Equation (5) we
arrive at

Ro=Y" [Rs s j—W] (6)

s
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This form of the objective function illustrates the
desired separability of the objective function.

Note that the form of Equation (6) suggests that the
delay penalty weight can be also link dependent:

- _ _ 2
Rp = Z {RS —o'D’ ﬂ (7)

This feature gives additional freedom of distributing the
delay among the links which may be of importance in

practical problems.

3. MDP MODELING

3.1. Network decomposition

The behaviour of the network under consideration can be
described by a MDP with the objective to maximise the
reward function defined by Equation (7). The correspond-
ing reward rate, ¢(z), is given by:

) = Y+ Y no, — YA (®

J€Jn = s€S

where z denotes the network state and z;,z; denote the
number of the j-th type calls and the number of calls in
the s-th queue in state z, respectively, J,, denotes the set
of NB classes, J,, denotes the set of WB classes and S
denotes the set of all link indices in the network.

The action space is given by

A={a={q} qe{O}UWjcs} (9

where a; = 0 denotes call rejection and the set W; contains
the indices of the alternative routes possible for an
accepted class j call.

The network state and action spaces can be very large,
even for moderate-size networks. We therefore decompose
the network into a set of links assumed to have indepen-
dent traffic and reward processes respectively [18].

The network Markov process is decomposed into a set
of independent link Markov processes, driven by state-
dependent Poisson call arrival processes with rate
Z;(x,m), where © denotes the CAC and routing policy. In
particular, a call connected on a path consisting of / links is
decomposed into / independent link calls characterised by
the same mean call holding time as the original call.

The network reward process is decomposed into a set of
separable link reward processes. The link call reward para-
meters 7;(n) fulfil the obvious condition that

=1

SES

(10)
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where Sy denotes the set of links constituting path k, spe-
cified by the routing policy m. Different models for com-
puting link reward parameters are possible [18]. In this
paper, we use a simple rule: the call reward is distributed
uniformly among the path’s links, resulting in the formula
ri(n) = r;j/l, where I denotes the number links in the call’s
path.

Even in the decomposed network model, the state space
can be quite large when many call classes share the links.
One way to reduce the state space is to construct a modi-
fied link reward process in which the link call classes with
the same bandwidth requirement are aggregated into one
category i € I with average reward parameter defined as
[18]:

sty = S A )
l Zie!i ;lj(n)

(11)

where J; denotes the set of classes that belongs to the i-th
category, and /_lj(n) denotes the average rate of class-j calls
accepted on link s. In the following, this simplification is
adopted, which reduces the number of effective classes to
the number of classes with unique bandwidth requirement.

3.2. Decomposed link MDP model

It is expected that the considered WB services will be char-
acterised by service times significantly longer than that of
NB calls. This feature gives rise for using the so called
near-complete decomposability feature. In Reference [13]
it was shown that based on this premise one can approximate
the link Markov process by two separate NB and WB pro-
cesses. The presented results indicate that the approach is
very efficient and accurate even for the case of equal mean
holding times for both NB and WB calls. The link Markov
process decomposition for mixed loss-delay call set up was
first presented in Reference [6] which considered a different
CAC and routing objective than we do. In this subsection, we
formulate the decomposed link MDP model for our new
CAC and routing objective.

3.2.1. Link model for narrow-band process. The NB link
process is assumed to reach steady state distribution for
each number of WB calls, X/, in the system (on the link

w*

)"f,(xna-ximn)anT(xn7x:VaVl)7 yn

=5 /
xn,unT(xnv Xy an)a Yu

a = —
pann‘XJw( n) )Cn,ufﬂ'(xn;xiwan)’

=x, + 6, € Xp(x
=x, — 6, € X,(x
Y, =X, — 6, + 6, € X, (x],)

and in the queue). The state of the NB link process can
be described by a vector x,, = (x,,x,), Where x, and x,,
denotes the number of NB and WB calls on the link
respectively. A Markov NB decision problem is associated
with each value x|, of the number of WB calls in the
system.

The state space for the NB process, {x,}, in WB state

!, is given by:

w?

X

X”(x(v) :{x”l = (xn,xW) *Xn S Yn(x;ﬂxw)
and x,, € Y,,(x},)}

(12)

where the set ¥, (x/ , x,,) denotes the possible values of x,
when the number of WB calls in the system is x/, and the
number of WB calls on the link is x,,:

Ya(x,,x0) = {x, 0 L(x,, %) < xuby < C° —x0by ) (13)

where
0, X, =x,
L(x,,,xy) = C° — (xy + )by, x), > x,,%, <N,
0, X, > X, X = N3,

(14)

where N7, denotes the maximum number of WB calls on
link s. The set Y,,(x],) denotes the possible states x,, in
WB state x/,:

Y(x,) = {x, : max (0,x, — L’) < x,, < min(N},x],)}

(15)

where L° denotes the maximum queue size on link s. The
action space is given by:

A, ={ay:a, €{0,1}} (16)

where a, = 0 denotes call rejection and a, = 1 denotes
call acceptance. The permissible action space is a state-
dependent subset of A,:

An(xn, X)) = {an € Ay 1 ay = 0 if x, + 6, £ Xu(x),) }
(17)

where 6, denotes the vector (1,0)". The state transition
probabilities are given by:

)
') and  x, — 6, + 6, ¢ X, (x),)

(18)

0, otherwise
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where 4 (x,,x/,, m) denotes the NB category arrival rate to
the link in state (x,,x/,) under routing policy .
(xn,x ») denotes the average SO]OuI‘Il time in state
(x,,x,,) and &, denotes the vector (0,1)".
The link call arrival rates, A, (x,,x,, ) are given by:

I

Y& keW‘

IT -8

ceSi\{s}

w?

x,,,x n]k xnvx ,T)

(19)

where s € Sy, Bf(n) denotes the probability that link ¢ has
not enough capacity to accept a class j call, W} denotes the
set of alternative paths for class j that traverses link s, and
Gy (Xn, X, ) denotes a filtering probability defined as:

¢njk (x” ’ ‘xw ’ TE)

=P Z p;(xnax:vaﬂ?) <7j —p;(xn,x;,,n)@j

ceS\{s}
(20)

where B; denotes the condition that no link on path k is in
the blocking state, p(x,,x,,n) denotes the state-depen-
dent link shadow price for class j on link ¢ (note that
r; (xn,x),,7) is constant in Equation (20)). In other words
qﬁnjk (xn,x ,7) is the probability that the path net-gain is
positive (on condition that there is enough path capacity
to carry the call). The filtering probability can be computed
using link state distributions [15], or approximated with
one according to experiments in Reference [18]. The
ijl.‘(n) denote the arrival rate of class j to path k € W,
and is given by the following load sharing model [18]:

K (n)
k(N g, J
g m =4 ZheW_, z;l(”) .

where the /lk( ) denotes the average rate of accepted
class j calls on path k, and A; denotes the arrival rate of
class j.

The average departure rate for the NB category is com-
puted as:

(22)

-1
= LZ Pty 1]
i,

where p;; denotes the probability that an arbitrary NB call
found on the link is from class j € J,:

B2 (n)

s J

pn'*4s
T Y, Alm)
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(23)

where ;lj(n) denotes the average rate of accepted class j
calls on link s.
The average sojourn time in state (x,,x/,) is given by:

-1

T(%n, X, an) = {xnﬁfl + ap (%, X, n)} (24)

The expected reward in state (x,,x]) is given by
Ry, (¥, %,y n) = 3, (%, X,,)7 (%0, X, @n), Where g, (x,, x,)
is obtained from

(25)

a0, (Xn, x,,) = T (T)xafy, + 7, ()00 11, —

]
where x, = (x,,x,) and x; = x|, — x,,.

3.2.2. Link MDP model for the wide-band process. The
state of the WB link process can be described by a vector
Xy = (¥, x,), where x/, denotes the number of WB calls
in the system (on the link and in the queue) and x,, denotes
the number of WB calls on the link. The state space for the
WB process is:

X, = {x, = (d,,x,) : ¥, €Y, and x,, € YV,,(x},)} (26)

where

Y, ={x,:0<x, <N, +L} (27)

and Y, (x/,) is defined by expression (15) in the previous

subsection. The action space is given by:

A, ={ay:a, €{0,1}}

The permissible action space is a state-dependent subset
of A,:

(28)

Avxy) ={aw €Ay a, =0if X, +1¢Y,} (29

The state transition probabilities when the queue is empty
(x; = 0) are given by:

Px,y,, (aw)

j‘fv (xW7 TC)*

(1 =By (xw))
2, (X, )%
By (xy)an (X, ay),

'xwﬂiVT(xW7 aW)v

Yw=x,+1€Y,(x)
v, =x,+1e¥Y]
Yw =Xy € YW(x:v)
Yo =X, +1€Y,
—-let,(x,)
—-ley,

(30)

ayT(Xy, ay),

Yw = Xw

;o
Yw = Xy

where A, (x,,7m) is given by a formula analogous to
Equation (19), and B, (x,) denotes the probability that
an arriving WB call will enter the queue; for details of
the computation procedure, see Reference [13]. The state
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transition probabilities when the queue in non-empty

(0 < x; < L) are given by:
Px,y, (aw)

2 (X, T)awT (X, aw), Y =X € Yu(x))

v, =x,+1eY]

Yw = Xy € Yw(x{v,)

=x,-ley)

yw=x,+1€Y,(x,)

W=x,€1,

xwﬁfvT(x1V7 aw)a

ps(xw)T(xw; aw)7

(31)

where p;(x,,)”" denotes the exceptional service time. This
time is equal to the passage time of the NB process from
the state x, = (x,,x,) at the moment of entering
X, = (xwxw) to the state x/, = (x/,x,), where x, =
C* — (x + 1)b,,. The exceptlonal service time has a com-
plex distribution. To cope with the problem we apply an
approximation presented in Reference [13] where the dis-
tribution was approximated by an exponential distribution
with mean ps(xw)_l. For details of the evaluation, see
Reference [13].

The average departure rate for the WB category is com-
puted as:

-1

(32)

i€y

where 7° denotes the average reservation time for WB
calls on link s (T° can be obtained from measurements),
and py,; denotes the probability that an arbitrary WB call
found on the link is from class j € J,,.

The average sojourn time in state (x,,) is given by:

(X, ) = {0, + 0 (00) + @l (%, 1)} (33)

The expected reward in state x,, is given by R}, (X, ay) =
q’,(x,,)T(x\, ay), where ¢i (x,,) is obtained from
s X1

a_
w

G (ew) = 75, (1)% (00 ) 1, + 70 ()60 185, — (34)

where X,(x,,) denotes the average number of NB calls pre-
sent on the link in WB state x,,. Note that X, (x,,) can easily
be evaluated from flow balance equations for the NB process.

4. MDP COMPUTATIONAL PROCEDURE

This section outlines the MDP computational procedure
for determining a near-optimal CAC and routing policy
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9} (y,m)

92y, ™)

9f (y,m) /

Figure 2. The call is offered to a path which has sufficient QoS
and maximal positive path net-gain among the H = |W,| alter-
native paths.

Source Destination

using the decomposed link model. The central idea is to
compute path net-gain functions, gj’-‘(y7 ), which estimate
the increase in long-term reward due to admission of a
class j call on path k in network state y. The CAC and rout-
ing rule is simply to choose, given the state of the network
and the class of the call request, a path which offer max-
imal positive path net-gain among the paths with sufficient
QoS (See Figure 2). The call is rejected if the maximum
path net-gain is negative, or if no path would offer suffi-
cient QoS.

4.1. Basic definitions

The state-dependent path net-gain is defined as:

)=r— Zplxn

sESk

gy m (35)

where traffic class j is a member of traffic category i,
y = {x} denotes the network state in the exact network
model, and p{(x, ) denotes the state-dependent link sha-
dow price for category i on link s. The link shadow price
can be interpreted as the expected cost for accepting an i-th
category call in state x = (x,, x,) and is defined as follows:

pj(x,m) =7; () (36)

where g?(x, n) denotes the link net-gain for admission of a
category-i call in state x. The link net-gain expresses the
increase in long-term reward due to admission of a cate-
gory-i call in link state x. For the decomposed link model,
the link net-gain for the NB category is defined as:

g;(fn(x)>x/w7 ‘II) = giz(xmx:w TE)
=v(x, + 5,1,xw, T) —

- g;(xvn)

VS (%, X, )
(37)
where x,, denotes the state of the NB process in WB state

xiv. The NB state is obtained from the exact link state as
follows:

xp = f£,(x) = (0, %], — x1) (38)
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where x; is given by:
x; = fi(x) == inf{x; : x; > 0,C° — x,b, > (x], — x;)b,,}
(39)
The link net-gain for the WB category is defined as:
& (Euw(x), £ (x + 6u), )
= &, (. %0, ) =), (x, ) — v, (X, 7)

w?

(40)

where the x,, denotes the state of the WB process before
admission, x; denotes the state of the WB process after
admission. The WB state is obtained from the exact link
state as follows:

o

xy = £ (x) = (x,, %, —x) (41)

To give more insight into the definition of relative
values, let us define the expected link reward,
R3,(x0,m,T), obtained in a interval (fy,#) + T') of length
T, assuming state x( at time f,:

R (xo, 7, T) = E { / " qs(x(t))dt]

where ¢*(x(t)) denotes the expected reward accumulation
rate in state x(¢). The process {x(¢)} is driven by a prob-
abilistic law of motion specified by certain state transition
probabilities. The relative value can now be written as:

VS (x0, ) = 711~>n’olo [R},(x0,7,T) — R} (x,,m,T)]  (43)

(42)

That is, the relative value in state x, is defined as the dif-
ference in future reward earnings when starting in the
given state, compared to a reference state, x,. In practice,
the relative value function is obtained by solving a set of
linear equations (see below).

4.2. Adaptation of the CAC and routing policy

The algorithm for determining the near-optimal CAC and
routing policy 7 can be summarised as follows:

{ V;Y‘[(xn7x:‘;? TE) = RBn(xl’lvxiw an) R
Vi

(Xnr, X, 1) = 0;

- RBn(TC)T(xVUx:\/? an) + Zynexn(x(v)px,,y,,|x(‘,(an)vf1 (Ynax]/,w 7'()

1. Startup: Initialise the relative values in a way that make
all link net-gains with permissible admission positive.
2. On-line operation phase: Measure per-path call accep-
tance rates 2]’»‘(71) and per-link blocking probabilities
B{(n) while employing the maximum path net-gain
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routing rule. Perform the measurements for a suffi-
ciently long period for the system to attain statistical
equilibrium.

3. Policy iteration cycle: At the end of the measurement
period, perform the following steps for all links s in
the network:

(a) Identify the link MDP model:
NB link model: determine link call arrival rates
25 (x,,x],,m) and per-category reward parameters
7 ().
WB link model: determine link call arrival rates
23 (xw,m) and per-category reward parameters
(7).

(b) Value determination:
NB link model: find relative values v}, (x,, ), 7) and
average reward rate R}, (w) for the current policy .
WB link model: find relative values v%,(x,,,7) and
average reward rate R}, (m) for the current policy .

(c) Policy improvement: Find the new link CAC poli-
cies 7}’ and 7}/ based on the new relative values
and the new average reward rates.

4. Convergence test: For each category, repeat from 2 until
the average reward per time unit converges.

According to MDP theory an optimal policy is found
after a finite number of policy iterations in case of a finite
state and policy space [4].

4.2.1. Value determination for the NB link model. For the
NB link model, different solution techniques are used
depending on whether the NB process contains a trapping
state or not. When x/, < N3, the NB process does not con-
tain a trapping state. In this case, the following sparse sys-
tem of linear equations are should be solved to obtain the
relative values and the average reward rate:

Xnr € Xu(X),), %0 € X, (x),)\{%nr }

where the following quantities need to be specified:

e X,(x],): the NB state space given WB state x|,
e a, = 7 (x,,x]): the control action in NB state x,, given
WB state x/,,
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o 7(x,,x,, a,): the expected sojourn time in NB state x,
given WB state xW,

® R}, (xn,x),,a,): the expected link reward when leaving
NB state x,, given WB state x/,,

® Py, v (an): the transition probability from NB state x,
to NB state state y,,, given that action a,, is taken in NB
state x,,, given WB state xw,

e x,,: the reference NB state,

in order to compute the unknowns:

o v (x,,x,,m): the relative value in NB state x, under
routing policy 7 given WB state x/,,
e Rj,,(m): the average rate of NB link reward under policy 7.

A special solution technique is needed when the NB
process contains a trapping state, which occurs when

vfl(xmxivaﬂ:) = qufl
V;((Oava%xiw TE) =0

1 (Y, XLy 7T (Vs fro (V) X)) )

Ni < x|, <N+ L°. When the NB process enters a trap-
ping state it stays there until the WB process enters a
new state. The trapping state of the NB process is
= (0, N?). Moreover, the average reward rate is given
by R, (1) = q(xur, x,,).
Let us define the relative reward rate in state x,, as the
difference

— Rp,(m) (45)

p%n(x'”x:w TE) = qiz(xﬂix:/v)

where ¢’ (x,,,x,,) denotes the immediate NB reward rate in

state x,, and R, () denotes the average NB reward rate.

m’ (yna x(m an)ynﬂn

max

m* (y,

max 73
S X, an)yn

The expected accumulated NB relative reward in the inter-
val (t, 19 + T) is given by

AL, (0, X, e[ [ dr| (46
Dn(xn?win?T) =E pDn(yn( ),XW,TC) t (4 )

fo
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where the initial state is given by y,(fo) = x,.. The relative
value v$ (x,,x], m) can be interpreted as the expected accu-
mulated relative reward over an infinite interval when
starting from state x,,:

v, (x,,,xiv, m) = 7121;10 ASDn(xﬂ’ x:w n,T) (47)
The definitions (45),(46) and (47) apply to Markov pro-
cesses with or without a trapping state. Now consider spe-
cifically the NB process with a trapping state. First observe
that the state-dependent relative reward rate becomes zero
when the trapping state is reached. Let m’(y,,x),a,)
represent the accumulated relative reward obtained by
accumulating relative rewards from the starting state y,
until reaching the adjacent lower state y, — 1. We define
the relative value in state x,, for a NB process with a trap-
ping state as the sum of accumulated relative rewards from
the starting state x,, until reaching the trapping state x,,:

x, € Xp(x

DO, s

where y, = (yu,yw) and yu =f,(ya) = sup(ys : C'—
ynbn 2 ywbw)~

Lets assume the accumulated relative reward is deliv-
ered to the network when the NB process eventually makes
a transition from state y, to the adjacent lower state y, — 1.
The rate of delivered accumulated relative reward is given
by m*(yn,X.,, a,)yaft. Note that this accumulated relative
reward is a sum of relative reward obtained in state y,
and the accumulated relative reward obtained from the
upper adjacent state y, + 1. Hence, we obtain the follow-
ing recursive formula for the accumulated relative reward
values m*(y,, x),, an):

pDn(ymfw()’n)a W )+
Iy Vs S (yn)7 1o ) (v + 1,0, 70 (v + 1, fo(Vn +
iun = pDn(yglax fw(yn )7 wa )

max _

D),x), ya=1,...,0" (49)

where yi™* = C° — x,,b,, denotes the maximum number
of NB calls that can be accepted on the link, given that
Xx,, WB calls currently are active on the link. Liao
and Mason proposed in Reference [13] a similar
recursive formula for the first passage time between
Markov states.
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4.2.2. Value determination for the WB link model. For the
WB category, the following sparse system of linear equa-
tions should be solved in order to obtain the relative values
and the average reward rate:

V3, (0w, ) = R, (¥, i) — R, (M) T (%0, @) + Zywexw Pxy,, (@), (Y, )

{ Vi (X, ) = 05

where the following quantities need to be specified:

X,,: the WB state space,

a,, = 7},(x,,): the control action in WB state x,,,
7(%,ay): the expected sojourn time in WB state x,,,
R3, (xw,ay,): the expected link reward when leaving
WB state x,,,

Px,y, (ay): the transition probability from WB state x,,
to WB state y,,, given that action a,, is taken in WB
state x,,,

e x,,. the reference WB state,

in order to compute the unknowns:

e V' (x,,7): the relative value in WB state x,, under rout-
ing policy 7,

e R (m): the average rate of WB link reward under
policy .

4.2.3. Policy improvement for NB link model. For the NB
link model, in case the NB process does not contain any
trapping state (x/, < N%) the policy improvement step
becomes:

max
u, €A, (xn de

an = ) {Rznm,x’w, ) = Ry ()70, 1)

+ Z Pxny,l (u")vjz (ym wa ﬂ) }

Ya€Xau(x),)

(51)

In case the NB process does contain a trapping state
(N3, <xl,<N$+L°) the policy improvement step
becomes:

{m’ (xu, X, un) } (52)

a, = max

U €A, (X5 X!,
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4.2.4. Policy improvement for WB link model. For
the WB link model the policy improvement step
becomes:

(50)
Xyr € vaxw S Xw\{xwr}
a, = max Ry, (X, 1) — RsDw(n)T(xw, Uy)
Uy €A, (X)) ( 53 )
+ D Pry, 0V, (%, 1))
Yw€Xw

5. COMPUTATIONAL COMPLEXITY

5.1. Complexity of policy iteration

The computation (time) complexity of policy iteration is
shown in Table 4. In the table, we have assumed that tradi-
tional Gauss elimination is used to find the relative values,
in which case the complexity is cubic in the size of the
state space. This can be seen as an upper limit of the actual
complexity since the system is sparse and more efficient
iterative algorithms can be used.

5.2. State space cardinality
5.2.1. Exact link model

The size of the state space for the exact link model is
given by:

N3 +L
S= Y Nix,) (54)
x,=0
Table 4. Computational complexity of policy iteration.
Value Policy
determination improvement
Exact link model v L§3 v iS:ZG
NB link model Zx,f‘;) Sy ST 28,(x)
WB link model ! ; " 28,
State aggregation link model S 8,20
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where N, (x!,) denotes the number of NB states in the state
space when x, WB calls are present in the system:

N, (X)) =C — (xl, —x))b,, + 1

w

(55)

where x; = fi(x) denotes the number of WB calls in the
queue in state x. It can be shown that the size of the state
space grows like:

1
S~c—11|S: L*{|C°/b, 1 56
{G!g }+ {LC*/ba) + 1} (56)
where S, = N; + 1 and §,, = N;, + 1 denotes the maximal
number of NB and WB states, respectively, on the the link
when the other category is not present.

5.2.2. NB link model. The state of the NB link process
can be described by a vector x, = (x,,x,), where x,
and x, denotes the number of NB and WB calls,
respectively, on the link. The NB link process is
assumed to reach steady state distribution for each
number of WB calls, x:v, in the system (on the link and
in the queue).

The size of the NB state space in WB state x/, is
given by:

min(N?, x])

wrtw

Sp(x) =

w

WACHE)

xy=max (0,x/,—L*)

(57)

where N, (), x,) denotes the number of NB states in the
state space when the number of WB calls in the system
is x], and the number of WB calls on the link is x,,:

S /!
C —xub, +1, x,=2x,
/ )
by, X, > Xy, Xy < N,
1, X, > Xy, X, =N,

(58)

w

5.2.3. WB link model. The state of the WB link process
can be described by a vector x,, = (x,,x,), where x,
and x,, are defined above. The size of the WB state space
is given by:

Ny +L

So= 3 Nl

xI,=0

(59)

where N,, (x],) denotes the number of WB states in the state
space when the number of WB calls in the system is x/,:

Ny (x))) = min(N;,, x],) — max (0,x/,

w wrtw - LY) +1 (60)
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5.2.4. State aggregation link model. In the state aggrega-
tion method [7], the G-dimensional micro state
(x1,...,xg) is aggregated into a one-dimensional macro
state m =), bix;. The state space will contain
S, = C° + 1 states, independent of the number of cate-
gories G. This is under the assumption that the bandwidth
requirements are integer valued, and at least one of the
categories requires one bandwidth unit.

6. NUMERICAL RESULTS

6.1. Considered routing algorithms

The routing algorithms that are considered in the numeri-
cal experiments can be classified into MDP-based routing
algorithms and conventional routing algorithms. Three
MDP-based routing algorithms are compared:

o MDP—MDP routing based on exact link model pro-
posed in Subsection 3.2 in part I of this paper [5],

e MDP_D—MDP routing based on the decomposed link
model proposed in Subsection 3.2 in part II of this paper,

e MDP_A—MDP routing based on Krishnan’s and
Hiibner’s state aggregation link model [7] with modified
link reward parameters [12].

The two standard simplifications of the MDP model,
that is, link independence and aggregation of call classes
into call categories are applied by all the MDP-based algo-
rithms. A third simplification (decomposition of NB/WB
process, state aggregation) is carried out by the MDP_D
and MDP_A algorithms. The CAC and routing algorithms
for the exact and decomposed link MDP models are out-
lined in Section 4 (4) of part I (I) of this paper. One simu-
lation run with the MDP-based algorithms consists of an
initial ‘warm up’ period, followed by a number of adapta-
tion periods, and finally a measurement period. Each adap-
tation period consists of an measurement period followed
by a policy iteration step.

The performance of the least loaded routing (LLR)
method is also evaluated. The reason for evaluating LLR
is that it is among the routing methods with best perfor-
mance [17, 19]. The LLR routing method is implemented
in many countries, including USA and Canada. We are
not aware of any implementation of MDP routing in real
networks.

One simulation run with the LLR algorithm consists of
one warm up period followed by one measurement period.
During these periods, the LLR algorithm works as follows.
When a class-j call request is received, the set of shortest
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paths W' with n links is considered first. In case of routing
of NB calls, a path among this set with largest free capacity
of the bottleneck link greater than or equal to the band-
width requirement b; and greater than the trunk reservation
value ¢7 is searched for. The bottleneck link is the link with
least free capacity along the path. Note that a unique trunk
reservation value is used for every call from class j that is
offered to the set of shortest paths of length n. In case of
routing of WB calls, the paths which require no queuing
are given priority. The same routing rule as for NB calls
applies to the set of shortest paths which requires no queu-
ing. In case queuing is necessary, the WB call is offered to
the path which has the smallest maximal queue length
along the path. For both NB and WB calls, if all paths
are busy, the call is offered the next set of (longer) shortest
paths, and the routing procedure is repeated. The proce-
dure stops when a feasible path among the set of shortest
paths is found, or when no path between the OD pair offers
sufficient free link/queue capacity.

6.2. Examples and results

The performance analysis is performed for the network
example WON described in Table 5. The total offered
traffic load is measured by p =3, bjAju;" [Mbps x
Erlang]. The topology of W6N is shown in Figure 3.
The link capacities and offered traffic volumes for
network example WON are based on the example in
Reference [20] and is shown in Table 6. Network W6N
corresponds to a STM type network. The OD pairs in
WO6N are offered different traffic volumes (asymmetric
case). Each OD pair has one direct path and four alterna-
tive paths with two links. The algorithm specific parameter

Table 5. Description of network example W6N.

W6N
Symmetrical No
#Nodes 6
#Uni-directional links 30
#OD pairs P 30
#Routes per OD pair 5
Link capacity C* [Mbps] 12-192
Queue capacity L* 0-3
Network capacity [Mbps] 2484
Max #links in path 2
#Traffic categories G 2
Mean holding time 1/ [s] 1, 10
Bandwidth b; [Mbps] 1,6
Total offered load p [Mbps x Erlang] 1816.8
1 = 1t/ bj I

W6N
Figure 3. Network example WON.

Table 6. Link capacity and offered traffic for WON.

Link Link capacity Offered traffic
[Mbps] [Mbps x Erlang]
1,2 36 32.96
1,3 24 8.36
1.4 162 154.68
1,5 48 24.56
1,6 48 34.93
2,3 96 30.13
2,4 96 121.93
2,5 108 92.14
2,6 96 99.07
34 12 14.30
35 48 8.23
3,6 24 15.90
4,5 192 95.30
4,6 84 99.60
5,6 168 76.27

settings, presented in Table 7, were determined heuristi-
cally based on simulation experience.

Each curve in the diagrams contains N simulation
points, x;,k = 1,...,N, which are obtained as averages
over M simulation runs per point: Xy = ﬁZﬁ | Xir. For
assessment of the accuracy of the simulation results, we
present values of the pooled variance, and the variance

Table 7. Algorithm specific parameters.

MDP adaptation epochs 6
MDP_D adaptation epochs 6
MDP_A adaptation epochs 4
Call events in warm up period 500000
Call events in adaptation period 1000 000
Call events in measurement period 1000 000
Delay penalty weight 100
#Simulation points per curve N 4,16, 19
#Simulation runs per point M 20
TR parameters (67, 67), % <1,L*=0 (6,0)
TR parameters (6,07 ), otherwise 0,0)
Filtering probability ¢, (x,,x,, ) 1.0
Filtering probability ¢}, (¥, ) 1.0
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Table 8. Pooled variance in simulations with variable delay
penalty weight.

L [%] D [s] Lp [%]

52(8?) s2(S?) 52(S%)
MDP 0.05 (0.0006)  0.00 (0.0000) 0.08 (0.0013)
MDP_D 0.05 (0.0002)  0.00 (0.0000)  0.07 (0.0004)
LLR 0.04 (0.0003)  0.00 (0.0000) 0.17 (0.0184)

Table 9. Pooled variance in simulations with variable maximal
queue size.

L [%] D [s] Lp [%]

52(S?) s2(S?) s2(S?)
MDP 0.07 (0.0011) 0.00 (0.0000) 0.09 (0.0009)
MDP_D 0.13 (0.0288)  0.00 (0.0000)  0.14 (0.0268)
LLR 0.06 (0.0020) 0.00 (0.0000) 0.08 (0.0014)

Table 10. Pooled variance in simulations with variable traffic
ratio for L* = 0 case.

L [%]

52(8?)
MDP 0.16 (0.0053)
MDP_D 0.23 (0.0392)
LLR 0.15 (0.0154)

Table 11. Pooled variance in simulations with variable traffic
ratio for L° = 3 case.

L [%] D [s] Lp [%]

52(S?) 52(8?) 52(8?)
MDP 0.03 (0.0004) 0.00 (0.0000) 0.05 (0.0008)
MDP_D 0.03 (0.0003) 0.00 (0.0000) 0.05 (0.0006)
LLR 0.03 (0.0004) 0.00 (0.0000) 0.07 (0.0026)

Table 12. Pooled variance in simulations with variable WB
normalised reward parameter.

of the pooled variance, of the performance, in Tables 8—12.
We compute the pooled variance over the N simulation
points as:

1 &

2 _ Z 2

sS==>Y 5 (61)
Ni=

where s? denotes the sample variance of the value of

point k:

(62)

- )
—— > (X — Xx)

2 __
Sk_M_lz;l

The sample variance of the pooled variance is obtained as:

1 &
§?=— (si—sz)2
ey

Table 13 shows the average simulation time and pooled
variance for one of M simulation runs carried out for each
of the N simulation points per curve. The table is based on
CPU time measurements for Figure 12.

The performance measures of interest in the simulations
are the reward loss, average call set-up delay and objective
reward loss:

(63)

L=1-R/R (64)
_ _ A
D= D,

- A/lw (65)

Lp=1-Rp/R (66)

Figures 4 and 5 show the computational time complex-
ity of one cycle of policy iteration for a single link. The
cube root of the complexity, as a function of the link capa-
city, is shown in Figure 4 in the pure loss case (L* = 0).
The cube root of the complexity as a function of the max-
imal queue size is shown in Figure 5. Note that approxi-
mate link model based on state aggregation (MDP_A)
can only be used in the case with no call queuing.

Table 13. CPU time for one simulation run in one point in
simulations with variable traffic ratio for L’ = 0 case.

NB blocking
probability [%]

WB blocking
probability [%]

52(8?) 52 (%)
MDP 58.3 (5738.4) 13 (7.2)
MDP_D 0.15 (0.1) 12.0 (609.4)
LLR 0.2 (0.0) 0.0 (0.0)

CPU time CPU time

average [s] 52(8?)
MDP 252.2 211.5 (5278.7)
MDP_D 148.2 19.9 (157.6)
MDP_A 45.1 0.3 (0.01)
LLR 14.6 10.8 (6.4)
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Figure 4. Cube root of the complexity of one policy iteration
cycle as a function of the link capacity for the pure loss case.
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Figure 5. Cube root of the complexity of one policy iteration
cycle as a function of the maximal queue size.

Figures 6-—8 show the loss-delay network routing perfor-
mance (reward loss, average call set-up delay, objective
reward loss) as a function of the delay penalty weight o°.
We have assumed a maximal queue size L* = 3 and a traf-
fic ratio b,Anu, 1/ by iy, !"equal to 1 for each OD pair.

Figures 9-11 show the loss-delay network routing per-
formance (reward loss, average call set-up delay, objective
reward loss) as a function of the maximal queue size L°.
We have assumed a traffic ratio of 1 for each OD pair
and delay penalty weight o* of 100.

Figure 12 shows the loss network routing performance
(reward loss) as a function of the traffic ratio. Different
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Figure 6. Reward loss of different routing methods versus delay
penalty weight.
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Figure 7. Average call set-up delay of different routing methods
versus delay penalty weight.

mixes are obtained by varying the per-category call arrival
rate to the OD pairs between the simulations, while keep-
ing the amount of traffic per OD pair constant. All OD
pairs were offered the same per-category call arrival rates
within a simulation.

Figures 13—15 show the loss-delay network routing per-
formance (reward loss, average call set-up delay, objective
reward loss) as a function of the traffic ratio. We have
assumed a traffic delay penalty weight o* of 100.

Figures 16 and 17 show the loss-delay network call
blocking probability as a function of the normalised WB

reward parameter. The normalised reward parameter, rj’.,

Euro. Trans. Telecomms. (in press)
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Figure 8. Objective reward loss of different routing methods
versus delay penalty weight.
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Figure 9. Reward loss of different routing methods versus max-
imal queue size.

for class j fulfils r} = rju;/b;. We have assumed a traffic
ratio of 1.0 for each OD pair and a delay penalty weight
o’ of 100.

6.3. Results analysis

From the graphs in Figures 4 and 5 the following conclu-
sions are drawn:

e The difference in cube root of the computational com-
plexity between the exact and approximate MDP mod-
els increases very fast when the link capacity increases.

e The cube root of the complexity grow linearly as a func-
tion of the maximal queue size, both for the exact MDP
and decomposed MDP_D link model.

Copyright © 2006 AEIT

Dls]

0.2 T T
0.18 i
LLR .

0.14 - .

0.16 -

0.12 .
0.1 | ]
0.08 | MDP_D .
0.06 |- ST e =
0.04 |- .
0.02 |- MDP .

LS
Figure 10. Average call set-up delay of different routing methods
versus maximal queue size.
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Figure 11. Objective reward loss of different routing methods
versus maximal queue size.

From the graphs in Figures 6-8, which shows the loss-
delay network routing performance versus delay penalty
weight, the following conclusions are drawn:

e The reward loss for the MDP-based methods tend to
increase with the delay penalty weight o.

e The reward loss for the LLR method is independent of
the penalty weight o”.

o The average call set-up delay for the MDP-based meth-
ods decreases with the delay penalty weight o.

e The average call set-up delay for the LLR methods is
independent of the delay penalty weight o’.

e The objective reward loss increases with the delay pen-
alty weight o’ for all the methods.
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Figure 12. Reward loss of different routing methods versus
traffic ratio for L* = 0.
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Figure 13. Reward loss of different routing methods versus
traffic ratio for L* = 3.

From the graphs in Figures 9-11, which shows the loss-
delay network routing performance versus maximal queue
size, the following conclusions are drawn:

e Call queuing reduces the reward loss.

e The average call set-up delay increases when the max-
imal queue size L* increases.

e The best overall behaviour in terms of the objective
reward loss is obtained for the exact MDP routing algo-
rithm.

e The MDP_D routing algorithm gives high reward loss
when L = 0.
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Figure 14. Average call set-up delay of different routing methods
versus traffic ratio for L* = 3.
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Figure 15. Objective reward loss of different routing methods
versus traffic ratio for L* = 3.

From the graphs in Figure 12, which shows the loss net-
work routing performance versus the traffic ratio when
L = 0, the following conclusions are drawn:

e The reward loss decreases when the ratio between NB
and WB traffic increases.

e The lowest reward loss is obtained for the MDP-based
routing algorithms.

Since the MDP_D method was not designed for pure
loss case, its performance in this case is inferior to the per-
formance of other methods. The reason for that behaviour
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Figure 16. Per-category call blocking probability for MDP
method versus normalised reward parameter.
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Figure 17. Per-category call blocking probability for MDP_D
method versus normalised reward parameter.

is that in the pure loss case the MDP_D model does not
have any ‘intelligent blocking’.

From the graphs in Figures 13-15, which shows the
loss-delay network routing performance versus the traffic
ratio when L* = 3, the following conclusions are drawn:

e The lowest reward loss is obtained for the MDP-based
routing algorithms.

e The reward loss decreases when the ratio between NB
and WB traffic increases.

e The average call set-up delay is lowest for the MDP-
based routing algorithms.

e The average call set-up delay decreases when the ratio
between NB and WB traffic increases.
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Figure 18. Per-category call blocking probability for LLR
method versus normalised reward parameter.

e The best overall behaviour in terms of the objective reward
loss is obtained for the MDP-based routing algorithms.

From the graphs in Figures 16-18, which shows the
loss-delay network per-category call blocking probability
versus normalised WB reward parameter, the following
conclusions are drawn:

e The ratio between the NB and WB call blocking prob-
ability for the MDP-based methods can be controlled by
varying the normalised WB reward parameter.

e The variability in the WB blocking probability for the
MDP method is due to the larger confidence interval
for such small values.

e The per-category blocking probabilities of the LLR
method are not sensitive to changes in the normalised
WB reward parameter.

7. CONCLUSION

In this paper, we formulated the CAC and routing problem
as a reward maximisation problem with penalty for WB
call set-up delay. In this formulation, each call class is
characterised by its reward parameter defining the
expected reward for carrying a call from this class. Such
a formulation allows to apply Markov decision process
(MDP) theory to solve the problem. To make the solution
feasible, we decomposed the network into a set of links
assumed to have independent traffic and reward processes
respectively.
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The computational burden of the exact MDP framework
for CAC and routing is prohibitive even for moderate-size
networks. Fortunately, it can be reduced to manageable
levels by a set of modelling simplifications. First, the
network is decomposed into a set of links assumed to
have independent traffic and reward processes
respectively. Second, the high-dimensional link Markov
process and link reward process are aggregated into
low-dimensional link Markov process and link reward
processes respectively. Third, the low-dimensional link
Markov process and link reward process are decomposed
into per-category link Markov processes and link reward
processes.

The numerical results show that the MDP-based meth-
ods are able to find an efficient trade-off between reward
loss and average call set-up delay, outperforming the least
loaded routing (LLR) method. The numerical results also
showed that the MDP-based methods offer an additional
advantage over LLR routing, namely the ability to control
the distribution of blocking probabilities among the call
classes.

The approximate MDP method based on link Markov
process decomposition shows good performance for loss-
delay networks. However, in pure loss networks, the same
method performs poorly in the studied simulation exam-
ple. In the loss network case, we recommend to use other
methods such as state aggregation.
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