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(ABSTRACT)

Dynamic hierarchical networks represent an architectural strategy for employing

adaptive behavior in applications sensitive to highly variable external demands or uncer-

tain internal conditions. The characteristics of such architectures are described, and the

significance of adaptive capability is discussed. The necessity for assessing cost/benefit

tradeoffs leads to the use of queueing network models. The general model, a network of

M/M/1 queues in a random environment, is introduced and then is simplified so that the

links may be treated as isolated M/M/1 queues in a random environment. This treat-

ment yields a formula for approximate mean network delay by combining matrix-

geometric results (mean queue length and mean delay) for the individual links. Condi-

tions under which the analytic model is considered valid are identified through com-

parison with a discrete event simulation model. Last, performance of the dynamic hierar-

chy is compared with that of the static hierarchy. This comparison establishes conditions

for which the dynamic architecture enables performance equal or nearly equal to perfor-

mance of the static architecture.
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CHAPTER 1

INTRODUCTION

This research addresses the analysis of a class of computer communication networks

whose members are referred to as dynamic hierarchical networks, or dynamic hierarchies.

The dynamic hierarchy is an architectural concept that represents a generalization of the

conventional tree structured architecture in which the network operates under a central-

ized, hierarchical mode of control. An overriding characteristic of these conventional

(static) hierarchies is that, at the root of a tree—structured topology, there exists a single

node that exercises primary control. Secondary capabilities filter down through the

remainder of the network in a hierarchical manner. With this basic characteristic in force

at all times, if the topology is allowed to vary, the resultant network is a dynamic

hierarchical network.

The dynamic hierarchy is intended for applications in which it is possible and desir-

able to distinguish among multiple scenarios, external situations or sets of internal condi-

tions. Each configuration (state of the topology) and apex node of the network

corresponds to a different scenario. Configuration changes coincide with changes in the

scenario.

The scenario and configuration can be considered dependent on the state of an

environment. This view leads to a model of the dynamic hierarchy as a network of

M/M/1 queues in a random environment. Simplification of this model enables the links

(servers) to be treated separately as M/M/1 queues in a random environment. Composi-

tion of the results for the individual links yields a characterization of network perfor-

mance. The primary steps in this research are definition of the general and simplified

analytic models, validation of the simplified model by comparison with a simulation

- 1 -
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model, and use of the simplified model to compare the dynamic hierarchy with the con-

ventional, static hierarchy.

The remainder of this dissertation is organized as follows: Chapter 2 reviews the

literature on queueing networks, queues in random environments, and credibility assess-

ment, verification, and validation of simulation models. (Discussion of the latter area is

brief and is intended to identify some recent papers from the literature and sources of

additional information).

Chapter 3 describes the dynamic hierarchy in more detail, discusses the significance

and motivation of the concept and its analysis, and summarizes previous research on the

dynamic hierarchy capacity assignment problem.

Chapter 4 first defines the general dynamic hierarchy model, a network of M/M/1

queues in a random, environment. Then, the necessary background on matrix·geometric

methods (from [NEUM81b]) are provided and two models of transmission links in the

dynamic hierarchy are defined. The network model subsequently is simplified and a for-

mula for mean network delay is derived.

Chapter 5 describes the discrete event simulation component of this research. The

model structure, model implementation in SIMSCRIPT, and experimental design are dis-

cussed. Additionally, five aspects of this modeling effort that support the credibility of

the simulation model are discussed.

Chapter 6 compares the analytic and simulation models. The analytic model is vali-

dated for a set of conditions, whose boundary is characterized by the observations and

conclusions contained in this chapter.

In Chapter 7, the goal of an analysis of relative costs and benefits of the dynamic
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hierarchy is addressed by comparing performance of the dynamic hierarchy with that of

the static hierarchy.



CHAPTER 2

LITERATURE REVIEW

The approach taken in the modeling and analysis of the dynamic hierarchy is influ-

enced by various ideas and results from the computer network and queueing network

literature. Analysis and synthesis of computer-communication networks through the use

of queueing network models is rooted in early work on the link capacity assignment prob-

lem and subsequent extensions. This work relies on the assumption of a product form

network to enable a decomposition and the resultant simplified analysis.

2.1. Early Analyses of Computer Networks

The earliest work in this area is that of Kleinrock [KLEL64]. His modeling assump-

tions include the independcnce assumption, under which the length of a message is reas-

signed according to an exponential distribution at each link in its path. The resultant

model is of the Jackson variety and its validity is established through simulation studies

[KLEL64,KLEL76]. Consequently, the product form, joint queue length distribution T

leads to relatively simple, closed form expressions for mean delay (sojourn time) at the

individual links and mean delay of messages through the network.

The expressions enable link capacities to be optimized in a straightforward manner,

yielding the square-root assignment strategy.

Extensions and variants of Kleinrock’s model appear in [KLEL70,KLEL73,KLEL76],

[MEIB71a,MEIB7lb,MEIB72], [GERM77], and [KOMM78]. The capacity assignment

problem as well as other topics in computer network design, analysis, and operation are

the product form, joint queue length distributions for the Jackson and Kelly
networks.

- 4 -



- 5 -

covered by the texts [SCHM77,SCHM87] and [TANS81].

2.2. Jackson Networks and Product Form

The most important aspect leading to the success of Kleinrock (and related) work is

the tractability achieved through a product form distribution for the joint queue length

process. This product form enables an approach to the analysis that may be character-

ized by the steps: separate, analyze, combine. First the network is decomposed

(separated) into a collection of queues that may be treated as if they were isolated single

servers. Then these queues are analyzed individually. Lastly, the individual results are

combined to produce an expression for some network performance measure.

The tractability achievable through product form networks, coupled with their wide

applicability, has contributed to the extensive analysis reported in the literature. The

first work dealing with arbitrarily interconnected networks is that of Jackson

[JACJ57,JACJ63]. The queueing systems investigated therein have become known as

Jackson networks. In [JACJ57], the M node (called departments by Jackson) network is

characterized as followsz

(1) Each node may contain multiple, identical servers.

(2) External arrivals to node m occur according to a Poisson process with rate km.

(3) The queuing discipline at each node is first·come-first·served.

(4) Service times at a node are independent, identically distributed (IID) exponen-

tial random variables.

(5) Movement of customers from node to node (or to outside the network) follows

a specified set of routing probabilities.
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The main result is that the joint network (stationary) queue length distribution has

a product form. That is, if Pi" is the queue length distribution for a node m viewed as if

it were in isolation, then the network queue length distribution is

P(kl, k2, . . . , km) =P,}l Pf2· · · PLZ,

where the arrival rates to the nodes are determined by the traffic cquations (in the

current terminology).

In [JACJ63], Jackson extends his work to allow the rate of the Poisson arrival pro-

cess to the network to vary with the total number of customers in the network and the

service rate for each queue to vary with the number of customers at that queue. Addi-

tionally, he characterizes the idea of (random walk) customer routings in more detail.

The joint network queue length distribution again is of product form as stated in the fol-

lowing main result:

If rr = [ E W(K) T(K)]“1 > 0, then the stationary network queue length distribu-
K-0

tion is given by

PU?) = Ww(F) W(S(7¤))„
where F = (kl, kl, . . . , k,,) is a (queue length process) state vector,

N
SU?) = Zkm

ri-]
K—1 _W(K)T(K)

= E w(k), and
E: S(F)-K

N ". 6| rz)w(7?) = 1717 -n-li-l F‘(",•)

is the product form term. The remaining notation (Ä, u, and 6) is defined in Section 2 of

[JACJ63].
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2.3. Gordon-Newell Networks

The systems investigated by Jackson have become known as open networks . These

systems are open in the sense that customers (from an infinite population) arrive from

the outside, pass through the network, and then depart to the outside. Consequently, the

total number of customers in the network varies. In a closed network , as discussed by

Gordon and Newell in [GORW67], neither arrivals to nor departures from the network

occur. The number of customers remains fixed (and finite) and these customers continu-

ally circulate, queueing and receiving service.

Specifically, in [GORW67] it is assumed that

(1) N customers circulate among M nodes with pl, the probability of movement

from node { to node j following a service completion.

(2) Node { contains rl servers and service times there (at any server) are IID,

exponential random variables with mean pfl .

A state vector for the network has the form (nl, ns, . . . , nM), where 'fli S N is the

M
number of customers at node { . Since En, = N, the queue lengths are not independent

s-1

and this state descriptor can be given as, for example, (ns, ns, . . . , nM). Define

xl, xs, . . . , xM as a positive solution of the system of equations

M
k = L 2; · · · ; M·

Additionally,

nk, ru S rr,
a"("*) = {rk, nk 2 rk, and
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Then, the network queue length probabilities are

71 'n , . . . Tl =
—·Pi >ii1,2 M

6-1ßsinslM
win . . .where G(N) = E

H— IS the normalzzatzon constant.
M s-1 /36("s)

H: E n .
- N

.i•l
I

2.4. Baskett, Chandy, Muntz, and Palacios (BCMP) Networks

In [BASF75], Basket, et al. combine and extend the systems and results of Jackson

and Gordon and Newell. They consider queueing networks with different classes of custo-

mers and in which the network may be open or closed with respect to each customer

class. A network that is open with respect to some classes and closed with respect to oth-

ers is said to be mixed .

The network is described informally as follows:

• The number of nodes is N.

• The number of customer classes is R.

• A class r customer completing service at node i moves to node j and becomes a

class s customer (s may equal r) with probability Pwd),.

• For an open system, the Poisson arrival rate may depend on the number of custo-

mers in the network. For a mixed system, each class r for which the network is

open has a Poisson arrival process whose rate may depend on the number of class

r customers present.

• Service disciplines considered are:

(1) Multi—server, first-come-first-served with state dependent, exponential ser-
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vice rate.

(2) Single server, processor sharing with service times whose distribution has a

rational Laplace transform.

(3) Infinite server, class dependent service time distributions with rational

Laplace transforms.

(4) Single server, preemptive resume, last-come·first-served, class dependent

service time distributions with rational Laplace transforms.

Network states are described by a vector 1 = (11, 2:2, . . . , 2:N). The form of 1,, the

vector describing the state of node i, depends on the type (1-4, as previously described) of

node i. For example, at an FCFS (type 1) node i, 1, =(2:,1, 1,2, . . . , 1,,,,), where 2I,j is

the class of the jth customer and n, is the number of customers at node i.

One interpretation of the matrix P = {P,’,;_,,,} of customer switching probabilities is

that it defines a reducible Markov chain with states (i,r) and irreducible subchains

E1, E2, . . . , Em. Each subchain is either open or closed (in the same sense that the net-

work is open or closed with respect to customer classes). Arrival rates {6,,} are deter-

mined through traffic equations for each subchain.

The network state distribution is given in the following theorem [BASF75, pp. 253-

254]:

For a network of [nodes] which is open, closed, or mixed in which each [node]
is of type 1, 2, 3, or 4, the equilibrium state probabilities are given by

Pls = $1: $2: · · ·: $1v) = 0d(S)f1($1)f2($2) ° ° ' f1v($1v):
where G is a normalizing constant chosen to make the equilibrium state probabili-
ties sum to 1, d(S) is a function of the number of customers in the system, and each
f, is a function that depends on the type of [node] i.



-

lgIf[node] { is of type 1, then f,(a:,) = (1/}1,)„‘ 6,%
J-1

The network queue length distribution is derived by considering aggregate states

y =(y1, y2, . . . , yN), where yi = (nu, ngz, . . . , ni,) and ni, is the number of class r cus-

tomers at node {. The resultant probabilities are [BASF75, p. 254]

P($ = (1/1, uguN)) = 6’d($)g1(y1)s12(y2) · · · aN(yN),where Rif lpedel { is ef type 1, the¤ Mu,) = ¤!{g(1/¤,,!){e,,l”"}(1/#¢)”‘

2.5. Kelly Networks

Kelly [KELF75,KELF76,KELF79,KELF82] analyzes a class of networks whose gen-

erality is comparable to that of Basket, et. al. Kelly’s treatment is more systematic,

employing properties of reversed and reversible processes to establish results for the net-

works of interest. The model in [KELF75] is defined as follows:

• The network contains J queues (nodes).

• Customers may be of I types.

• The network is either open (for all customer types) or closed (for all customer

types).

• Type { customers completing service at node j move to node k with relative rate

(‘probability intensity’) X jk({).

• For node j, ¢j(nj) is the total service effort when nj customers are present,

'1j(l,nj) is the proportion of this effort directed to the customer in position I,

6j(m, nj + 1) is the probability that a customer arriving to find nj customers at
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node j joins the queue in position m.

• Service requirements are exponentially distributed with mean 1 (one).

The state descriptor for this system is G = (61, 62, . . . , 6)), where

6, = (6j(1), cj(2), . . . , cj(nj)) is the state of node j with nj customers and cj(I) the

type of the customer in position I.

For a closed network, with state space L, let

Aj(6j) = for nj 2 1
I-1 j

and Aj(6j) = 1 for nf = 0. Then the network state distribution is

J
P(C') = bHAJ(6j) for all C 6 L,

j-1
where b is a normalization constant and (01(i), 02(i), . . . , 0 is a solution of the

traffic equations for customer type i.

For an open network, let 1/k(i) be the rate of Poisson arrivals of type I customers to

node k from outside the network and ;1j(i) be the relative rate at which type i customers

completing service at node Ic depart the network. Then, if the stability condition holds

for each node, letting

AJ(6j) = for nj 2 1I•1 ¢;(I)
and A j(6j) = 1 for ni = 0, the network state distribution is

J
P(G') = bHAj(Cj) for all C 6 L.

j-1
L now denotes the state space of the open network. Again b is a normalization constant

and the 0j(i) are the solution of the (open network) traffic equations.

This system may be modified in various ways to allow different characteristics, such
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as zero service effort in some cases and mean service time dependent on customer type.

In [KELF76] Kelly addresses similar problems for a different type of system. Subse-

quently Kelly ([KELF79]) refers to the previously described systems as migration

processes and the current systems as networks of queues. The basic network definition is

almost the same as that of [KELF75]. The primary difference is that customer move-

ment now is governed by routes instead of probability intensities. Customers of type i

follow the route r(i,1), r(i,2), . . . , r(i,S(i)), where r(i, j) is the jth node in the route and

S(i) is the number of nodes in the route.

As a result of the use of fixed routes, the network state descriptor for this open net-

work is defined with additional information as follows [KELF76, p. 421]:

Let tj(I) be the type of the customer in position I in queue j and let sj(l) be
the stage along his route that this customer has reached. Let 6j(I) = (tj(I), sj(l)).
Then

Ci = . .

.describesthe state of queue j and

C'=(61, 62, . . . , cg)
is a Markov process representing the state of the system.

Characteristics of the individual queues (exponential, mean 1 (one) service requirements,

¢j, ’1j, öj) are identical to those of the migration process.

If this system is stable, the network state distribution is given by

J
#(0) = (>HA;(¢;)

j-1
where

"Y G ·(# (I) 8 ·(I))
A _(c = b17..;.;;.;,
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where b is a normalization constant and

. VU) if TU, 8) = J',
8) = 0 otherwise.

Further (Corollary 2 [KELF76, p. 423]), the ‘state of [each queue] is independent of the

state of the rest of the system' and the marginal queue length distribution at each queue

is proportional to that of an M/M/-type queue, with an appropriately defined arrival

rate, in isolation.

Generalizations of this model are:

• Arbitrarily distributed (IID) service requirements (See [KELF76, pp. 426-427] and

the supporting result of Barbour [BARA76]).

• Poisson arrival rates that depend on the number of customers in the network.

Further generalizations and variants of network of queues are discussed in Kelly’s

text [KELF79] and in [KELF82]. The introduction of networks of quasi-revcrsible queues

represents an important extension. A queue is called quasi-reversible

[If] its state x(t) is a stationary Markov process with the property that the
state of the queue at time to, 2:(to), is independent of:

(i) the arrival times of class c customers, c 6 C', subsequent to time to;
(ii) the departure times of class c customers, c 6 C', prior to time to [KELF79,

pp. 65-66].

The following result holds [KELF79] (Theorem 3.6):

If a queue is quasi-reversible then:
(i) arrival times of class c customers, for c 6 C, form independent Poisson

processes;
(ii) departure times of class c customers, for c 6 C', form independent Poisson

processes.

A network can be defined in which the behavior and transition rates are such that

each queue j would be a quasi—reversible queue if it were in isolation. Such a network in



- 14 -

equilibrium is called a network of quasi-reversible queues. Let X = (xl, 2:2, . . . , 2:]) be

the network process, where xj is the state of queue j. Then the stationary distribution of

the network state is

"'($1» $22 · · · 2
$1)where1rj(xj) is the stationary distribution queue j would have if it were in isolation.

The symmetric queue is an important special case of the quasi-reversible queue.

Behavior of a symmetric queue is similar to that of the previously discussed queues with

the additional (symmetry) condition that *7 = 6. Furthermore, Kelly shows that these

queues remain quasi-reversible when service requirements have general, class dependent

distributions. Additional extensions address customer class changes and more general

arrival processes.

Closed networks of quasi-reversible queues are treated similarly. The corresponding

stationary distribution is

$2$1) = B$1($1)$2($2) · · · $2($1)„
where B is a normalization constant and 1rJ(2:j) is the stationary distribution for queue j

considered in isolation. In the general case, customer class changing is allowed and the

normalization constant has a slightly different form.

2.6. Network Sojourn Time and Overtaking

Results on the sojourn time problem in queueing networks are not as general as

those just discussed for the network queue length problem. An early attempt to solve the

sojourn time problem, for acyclic Jackson networks, is that of Lemoine [LEMA77]. How-

ever, it is pointed out by Mitrani [MITI79] and proved by Simon and Foley [SIMB79] that

Lemoine’s result is not correct with the claimed generality. In [LEMA79] Lemoine
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amends his result, the Laplace transform for network sojourn time, to apply only to
‘an

acyclic Jackson network in which every two nodes are connected by at most one directed

path (e.g., if the network is a tree).’

Subsequent work concentrates primarily on networks and paths within them that

possess the non-overtaking property. A path is non-overtaking if
‘a

customer traveling

along the path cannot be overtaken by a subsequent arrival or indirectly by the effects of

subsequent arrivals’ [WALJ80 p. 1000]. Walrand and Varaiya [WALJ80] show that ‘the

sojourn times of a customer at the various nodes of a non-overtaking path [in a Jackson

network] are all mutually independent.’ Daduna [DADH82] derives the Laplace·Stieltjes

transform for sojourn time on a non-overtaking path in a Gordon-Newell network with

multiple customer classes. Melamed [MELB82] considers non-overtaking paths in open,

Kelly-type networks with multiple customer classes, class changes, class dependent rout-

ing, and class dependent service characteristics. He determines the Laplace transform for

the sojourn time of a customer on such paths (in steady state), thus showing that the

sojourn time is the sum of the exponential sojourn times experienced by the customer at

the queues in the path. The focus of Kelly and Pollet in [KELF83] is non-overtaking

paths in closed networks of FCFS, single server queues with multiple customer classes,

class dependent routing, customer class changes, and exponential service requirements.

They derive the Laplace transform of the joint distribution of sojourn times at the nodes

in a non-overtaking section of a route.

2.7. Markov Renewal Network Analysis

Another important body of work is that of Disney and others on the characteriza-

tion and analysis of various processes, especially flow processes, in queueing networks.
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Much of this work is covered in the papers [DISR75,DISR81] by Disney, [DISR85] by Dis-

ney and König, and the text [DISR87] by Disney and Keissler. The primary approach

taken (see [DISR87, p. xiv]) is to ‘[establish] the probability structure of a random process

of interest . . ., e.g., that it is a Markov renewal process", establish
‘a

result that is used

to obtain all finite·dimensional joint probability distributions for the process character-

ized, e.g., the semi-Markov kernel’, and then ‘explore properties of [the process] in

depth.’ Systems and processes of interest include queues with feedback, finite capacity

queues with overflow, and flow processes in Markov and Jackson networks.

2.8. Queueing Systems in Random Environments

The first paper appearing in the open literature on M/M/1 queues in random

environments (which are referred to here as RE-queues) seems to be that of Eisen and

Tainiter [EISM63]. They assume a two state environment process and derive generating

functions and first moments for queue length and waiting (sojourn) time.

A portion of the doctoral thesis of Scott [SCOM64] is devoted to the analysis of a

variant of the model introduced by Eisen and Tainiter. Scott considers the case where

the arrival rate varies with the environment and the service rate remains constant. He

formulates a model with an N + 1 state environment process but restricts his derivations

to the case of N = 1. The use of Laplace transforms and generating functions dominates

the analysis of interarrival times and ‘number of arrivals’. Scott also assumes that ‘the

length of the next inter-arrival time depends only on the arrival rate at its start'

[SCOM64, p. 99]. This assumption differs from that of Eisen and Tainiter model, in

which rate and distribution changes coincide with environment state changes.

The work of Yechiali and Naor [YECU7l] essentially reformulates the Eisen and
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Tainiter model and derives the generating function and mean of the queue length distri-

bution. (This work and that of Scott appear to have been done without knowledge of the

paper by Eisen and Tainiter.) In [YECU73], Yechiali generalizes the model to allow rates

that vary with both the environment and the queue length as well as an environment pro-

cess with an arbitrary (finite) number of states. However, his analysis of the queue length

distribution, which again is carried out through the use of generating functions, is res-

tricted to the case where the rates depend only on the state of the environment process.

Neuts’ first contributions to this area are reported in his paper on a variant of the

M/G/1 queue in a random environment [NEUM69]. He assumes that arrival rate and

distribution changes coincide with environment state changes but that the service time of

a customer is governed by the service time distribution in effect at the time the customer

enters service. The service time distributions are general (with finite means). Addition-

ally, the environment process may have an arbitrary (finite) number of states. Neuts

employs matrix techniques, generating functions, and Laplace transforms to analyze vari-

ous aspects of this system, including the arrival process, the busy cycle, and queue

lengths.

In later works [NEUM77a,NEUM78b], Neuts investigates in detail the direct gen-

eralization (with an m state environment, 2 S m S oo) of the Eisen and Tainiter RE-

queue. He exploits the special structure of the transition matrix to derive, through the

use of matrix methods, the matrix—geometric queue length distribution as well as a

number of other results. The model is generalized in [NEUM78b] to allow a multiserver

queue. Related publications by Neuts include [NEUM77b,NEUM78a,

NEUM80,NEUM8la] and the comprehensive text [NEUM81b] on phase-type distribu-

tions and stochastic processes with matrix—geometric solutions.



- 18 -

Various results established by Purdue are reported in [PURP74,PURP78]. Through

the use of matrix and transform techniques, he concentrates on the arrival-service func-

tion (a conditional, joint distribution which involves the arrival, service, and environment

processes) and the busy period.

Additional literature relating to the RE-queue and its analysis includes that of

Evans [EVAR64,EVAR67], the Ph.D. Thesis by Wallace [WALV69], which introduces the

quasi birth and death processes, Ramaswami [RAMV80], Miller [MILD81], Purdue and

Linton [PURP81], and Linton and Purdue [LIND82].

2.9. Credibility Assessment, Verification, and Validation

Although the method of cross-validating an analytic model by comparison with a

simulation model has received little direct attention in the literature, model validation

and credibility assessment have been discussed extensively. Shannon [SHAR75], Law and

Kelton [LAWA82], and Banks and Carson [BANJ84] agree that the steps of the validation

process should include development of a model with high face validity, testing of the

model assumptions, and comparison of model output (input—output transformations) with

real system output (input-output transformations). Additionally, Law and Kelton suggest

statistical validation procedures.

Possible steps in the verification process include modular development and debug-

ging of the simulation program, examination of the code by individuals other than the

author(s), execution tracing and tracing under extreme conditions, running simple cases

for which the results are known, graphically displaying intermediate results [LAWA82],

using logic flow diagrams, checking reasonableness of output for a variety of input, and

writing well documented code [BANJ84].
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More recently, a comprehensive view of these topics and their relation to the model

development process is taken. Balci [BALO86] discusses the simulation model life cycle

and [BALO86,BALO87] addresses credibility assessment in terms of the following steps:

formulated problem verification, feasibility assessment of simulation, system and objec-

tives definition verification, model qualification, communicative model verification, pro-

grammed model verification, experimental design verification, data validation, and model

validation. The latter six steps form the process of quality assurance of the experimental

model. Related work includes [BALO84] (a bibliography on credibility assessment and

validation literature) by Balci and Sargent, [NANR81,NANR87a] by Nance, and

[BALO85] by Balci and Nance.

Banks, Gerstein, and Searles [BANJ87] take a broad view of the validation and

verification processes. The authors describe various approaches from the literature to

simulation model development and discuss validation and verification as activities that

should be performed throughout the model development process.



CHAPTER 3

DYNAIVHC HIERARCHICAL NETWORKS

3.1. Description

A dynamic hierarchy is suitable for an application that is sensitive to multiple exter-

nal situations or seeks to adapt to changing internal conditions. Each external situation

or collection of internal conditions defines a scenario. For each scenario, an apex node

(and a corresponding hierarchical configuration of the topology) is designated as the most

beneficial. At any instant, the network conforms to one of the specified configurations.

When the scenario changes, the network undergoes a transition, with the appropriate

node becoming the apex of the hierarchy corresponding to the reconfigured topology.

Choice of the apex node for each configuration is a design decision, which may be con-

strained by the intended application.

In general, a dynamic hierarchy with K nodes has L 2 K — 1 physical interconnec-

tions (links). In each configuration, there exist K — 1 active links (whose service rates are

nonzero) and L — K + 1 inactive links (which have service rates of zero and thus carry

no messages). The set of active links is such that the interconnections form a tree struc-

tured topology. A link is inaccessible and may be considered nonexistent in any confi-

guration in which it is inactive.

Different configurations generally have different sets of active and inactive links. A

link may be active in every configuration, but no link may be inactive in every configura-

tion.

Varying sets of active and inactive links contribute to a network topology that is

physically variable. As scenario changes occur, various links are logically enabled or

- QQ -
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inhibited, which, together with changes in the apex node, induces a dynamic topology. A

network of this type may also be viewed as one with a varying set of redundant intercon-

nections. The need for this redundancy may be motivated by constraints on network per-

formance measures such as survivability, reliability, and response time.

Note that in the case where L = K — 1, the network topology is physically static.

Every link is active in all configurations. The interconnections thus remain fixed. How-

ever, the network topology is logically variable as a result of changes in the apex node

(and the corresponding changes in the hierarchical distribution of primary control). If

this simple connectivity satisfies the requirements of a given application, such a network

enables the realization of the benefits of the dynamic hierarchy without the added cost of

redundant links.

Figures 1 and 2 contain examples which should clarify the difference between physi-

cally and logically dynamic topologies. (Note that in these figures and others, only one

link is depicted between each pair of connected nodes. Each such link is interpreted as a

link pair with one member of the pair transmitting in each direction. Further, in Figures

1, 2, and 3, for ease of discussion, link pairs are numbcred separately but single, unidirec-

tional links are not). Let A, and be the sets of active links and inactive links, respec-

tively, in configuration {, { = 1, 2, . . . , M, where M is the number of allowable confi-

gurations.



-— =active link

0 -—-—-- = inactive link
1 3

0 ---5--- 0 4

Configuration 1

2 1 3 2 4

0 ---5--- 0 0 5 0 04

Configuration 2 Configuration 3

Figure 1. Example Dynamic Hierarchy with a Physically Varying Topology

Both example networks have

K = 4 nodes and

M = 3 configurations.

The network of Figure 1, which exhibits a physically varying topology, has

L = 4,

Al = {1; 3; 4};I1A2

= {1; 2; 4};I2A3

= {2, 3, 4}, and I3 = {1}

As required, the elements of A, produce a tree structured topology for each configuration

i.
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6

Configuration 1
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0 6 2

2 6 6
6

1
2 6

Configuration 3

Configuration 2

Figure 2. Example Dynamic Hierarchy with a Logically Varying Topology

Figure 2 contains a dynamic hierarchy whose topology is logically variable. This

network has

L = 3 ,

Ai={l, 2, 3}andL=¢, i=1, 2, 3.

The foregoing characterization of dynamic hierarchical networks is not meant to res-

trict the class of network topologies included. Although point·to-point, tree-structured

topologies are of primary interest, this characterization applies equally well to other topo-

logical classes. If, for example, common bus topologies are of interest, the network has

only one physical link. Such a network, subject to changing external situations, can be

analyzed as a network with a logically variable topology by considering logical links, with

effective capacities, between appropriate node pairs. In this case, variability results from
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defining logical links between node pairs.

The configurations of a possible bus-based counterpart of the network of Figure 1

are depicted in Figure 3. The hierarchical control structures corresponding to the topolo-

gies of Figure 1 are effected by defining logical links between the appropriate node pairs.

Each pair connected by an active link in the point-to-point network utilizes a logical

transmission path (represented by a dotted line in Figure 3) in the bus network.

E E E 4 E

Configuration 1

Configuration 2 Configuration 3

Figure 3. Example Bus·Based Dynamic Hierarchy

Consider a link j in a physically dynamic hierarchy and let j be inactive in at least

one configuration. Then for each configuration { in which link j is active, the service rate

of messages at j is some positive number }1Cj. For each configuration in which link j is
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inactive, no traffic is transmitted by j and thus the service rate at j is zero.

For a bus-based dynamic hierarchy, it must be assumed that in each configuration,

each node pair that communicates directly over a logical link is guaranteed a predeter-

mined effective capacity by the protocol. The analysis depends fundamentally on the

existence of fixed capacity transmission lines between specific node pairs. If the protocol

does not provide these capacities, the analytic results do not hold. Suppose then that

these capacities are available. Then a logical link j that exists in configuration i has

some positive service rate uC'j. For the analysis, if link j does not exist in some confi-

guration, then it is considered to exist conceptually but to have a service rate of zero.

Neither physically dynamic topologies nor bus and ring topologies are addressed

directly in this paper. The model of the logically dynamic, point-to-point hierarchy

applies to physically dynamic, point-to-point hierarchies and bus- and ring-based hierar-

chies l. However, the analytic results are expected to be less accurate when applied to

networks in these topological classes.

3.2. Significance and Motivations

3.2.1. Application to the Physical Problem

Two separate but related considerations establish the dynamic hierarchy as a signifi-

cant concept. First, the literature indicates that local area networking, distributed com-

puting, and combinations of the two will continue to experience increases in popularity

and applicability. The dynamic hierarchy is intended as a means for providing local area

networking and distribution of primary control in a particular application area. This

nd other practical problems of network operation should be considered separately
for each topological class.
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area is characterized by the need for real—time or time-critical response and a desire to

improve network survivability, reliability, availability, or other performance measures

[NANR82] by employing a distributed mode of network operation while maintaining some

form of global control. A reluctance or an inability to allow fully autonomous operation

of the network elements may be due to the existence of natural control partitionings or a

hierarchical command and control structure in the proposed application environment.

Global control with limited distribution may be achieved through the use of the dynamic

hierarchy.

Primary advantages of this limited distribution of control include an increased abil-

ity to meet time—critical response requirements and a higher degree of flexibility in han-

dling the variability of traffic patterns (arrival rates). Reconfiguration brings critical

links and nodes closer to the apex of the hierarchy, thus increasing the ability of these

resources to provide service in a timely manner. Higher flexibility results from choosing

apex nodes and configurations that are best able to meet constraints (timing or otherwise)

imposed by the different scenarios. The network need not operate under a static topology

and control structure resulting from a compromise design to render adequate performance

over all scenarios.

3.2.2. Theoretical Interest

The second supporting consideration derives from the work of Neuts, Purdue, and

others on queues in random environments (See Section 2.8 of the literature review). Typi-

cal applications of the theory established therein include the modeling of systems that

experience rush hour behavior in their arrival streams and of service counters that are

subject to server breakdowns or rest periods. These and similar characteristics are not
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easily included in a traditional single server queueing model. The RE-queue represents a

more detailed and realistic model in such cases.

Outside of the authors’ preliminary research (e.g, [NANR87b]), a network generali-

zation of the RE-queue has not yet been proposed. Dynamic hierarchy protocols are dis-

cussed in [NAGS86] but the analysis therein is not queue—theoretic. An alternate analytic

model and the treatment of reconfiguration periods are introduced in [BHAU86].

The research discussed herein involves modeling the dynamic hierarchy as a network

of M/M/1 queues in a random environment, an RE-network. Queue·theoretic results of

this research will contribute significantly to a basis for understanding the performance

characteristics of dynamic hierarchical (computer communication) networks. Further,

the author believes that these results may be applied with equal validity to systems other

than computer communication networks. For example, just as there exist systems such

as bank tellers and traffic lights, which experience rush hour arrival patterns and are rea-

sonably modeled as RE—queues, systems such as transportation networks with seasonal

demand levels and plant control networks with variable production rates also exists, for

which an RE·network may represent a reasonable model. Thus, the set of potential bene-

ficiaries of this research includes both computer network analysts and others whose

interests are outside (but possibly related to) the field of computer networks.

3.3. Previous Research

Previous work on the dynamic hierarchy link capacity assignment problem is

reported in [MOOR83], [NANR85,NANR87b]. First, an approximation of mean network

delay (sojourn time) is derived. This approximation represents the basic measure of net-

work performance for subsequent optimization and analysis. Next, a number of subop-
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timal, probabilistic and heuristic capacity assignment strategies are defined. Statistical

techniques then are used to compare the effects of these strategies and to identify the best

strategies.

For conventional networks, given the assumptions of Kleinrock [KLEL64], a closed

form expression for mean delay is derived through the application of elementary queueing

theory. This expression is extended as follows to provide an approximate measure of

delay in the dynamic hierarchy: Let NU) be the stationary probability of occurrence of

configuration {. Now consider configuration { as if it were the topology of a static net-

work and let Tll) be mean delay (as derived by Kleinrock) for that network. Mean delay

for the dynamic hierarchy is approximated by taking the weighted sum, where the am are

the weights, of individual configuration mean delay. That is, T, approximate mean

delay, is given by

T = j{«„<¤>T<·>.
s-1

The dynamic hierarchy capacity assignment problem is:

Given the set of configurations, the configuration probabilities, and a characteriza-

tion of network traffic, select link capacities that minimize total cost subject to an

upper bound on mean delay.

Two sets of strategies are created to assign capacities. Members of the first set,

referred to as the probabilistic strategies, are created by adapting previous analytic

results from conventional network design. Consider again configuration { as if it were the

topology of a static network. Let C?) be a capacity assignment for link j that is in some

sense optimal for this network (for example, the C9) might be calculated through the cost

minimization counterpart of Kleinrock’s square—root strategy [KLEL76, p. 350]). Then



- 29 -

the capacity assignment for link j in the dynamic hierarchy is

0, = £·«<‘>0}‘>.
6-1

Different formulae for the C?) and variants of the weighted sum construction yield dif-

ferent assignment strategies.

Members of the second set, referred to as the heuristic strategies, are algorithmic in

nature and assume a discrete cost function. These strategies are constructed by first

defining a group of capacity assignment heuristics and then taking various combinations

of these heuristics to produce composite capacity assignment algorithms. This approach

follows the method of Maruyama, et al. in, for example, [MARK76].

As the final step, the strategies are compared through the use of analysis of variance

(ANOVA) procedures. Statistical comparisons are necessary because the strategies are

approximate and heuristic in nature and the need exists to extend the conclusions of any

comparisons to all dynamic hierarchies. These tests are reported fully in [NANR87b].



CHAPTER 4

QUEUEING MODELS

4.1. Network Model

The ideal goal in analyzing the dynamic hierarchy is to derive theoretically exact

solutions for queue length probabilities and mean waiting time from an appropriate net-

work model. An a network of M/M/1 queues in a random environment is a natural can-

didate. The exact analysis of such a model is beyond the scope of this research. However,

to provide a basis for subsequent simplification, a description of the general network

model follows. This description assumes that network configuration changes are instan-

taneous, an assumption that is dropped in one of the single link models.

A note on the variability of arrival rates.

Generally it is possible to identify multiple situations in a dynamic hierarchy

application environment. Each situation is characterized by a different set of exter-

nal arrival rates, the rates of message arrivals to nodes from outside the network.

The combined effect of variable external arrival rates and a varying topology is that

the links experience a different set of internal arrival rates, composite arrival rates

due to external arrivals and to message forwarding within the network, for each

situation.

In some cases, variability of arrival rates is caused entirely or partially by

changing conditions inside the network. However, it remains possible, as an

abstraction, to view variable internal arrival rates as being caused by variable

external arrival rates (and a varying topology).

In either of these cases the arrival rates and the network are considered to be

- 30 -
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influenced by an external environment. Each state of the environment corresponds to one

of the scenarios (set of external arrival rates or internal conditions), which are in one-to-

one correspondence with network configurations/potential apex nodes.

The assumptions that are necessary to model the dynamic hierarchy as an RE-

network include the following:

(1) Scenario changes occur according to a random (Markov) environment process.

(2) The network configuration for each scenario is given.

(3) When the environment process is in state i, messages with source node j and

destination node k arrive at node j according to a Poisson process with rate

WS?

(4) Given the state of the environment process, the arrival processes of (3) are

mutually independent.

(5) Nodal processing times are negligible.

(6) Messages pass through the network in a store-and-forward fashion. That is, for

each source/destination pair j, k in configuration i, there exists a uniquely

specified shortest path of links connecting nodes j and k. A message

arriving at node j is alternately stored at the source or an intermediate node

and transmitted across the next link in (The symbol 1,/1 jk, without the

superscript (i), is used in later sections to denote the emphasis on logically

dynamic hierarchies, in which message paths do not vary with the environment

state and configuration). Full receipt of the message is required prior to each

forwarding operation. The message departs the network following its delivery

to destination node k.
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(7) At each node, there exists a separate first-come-first-served queue with unlim-

ited buffer space for each outgoing link.

(8) Propagation times are negligible.

(9) Each node possesses sufficient processing capability to operate all incoming and

outgoing links (transmissions) simultaneously.

(10) Links are physically capable of transmission in one direction only. Bidirec-

tional transmission is enabled by connecting nodes with link pairs whose com-

ponents transmit in opposite directions.

(11) Links are noiseless and error free.

(12) The lengths of arriving messages are exponentially distributed with mean
u‘1

bits. Additionally, at each intermediate node in the path of a message, upon

entering service, the length of the message is reset according to the same

exponential distribution (A variant of Kleinrock’s independence assumption

[KLEL64]).

(13) The message length processes of (12) are mutually independent.

(14) The collections of processes of (3) and (12) are independent of each other.

Under these assumptions, definition of the appropriate stochastic process represent-

ing an RE-network is straightforward. Let E = {E(t); t 2 0}, the environment process,

be a stationary, irreducible Markov process with finite state space SE = {1, 2, . . . , M},

where M is the number of possible environments. Consider a network of L queues, each

of which has infinite waiting room and serves customers according to a first-come-first-

served discipline. Each queue I 6 {1, 2, . . . , L} operates under the influence of the

environment process as follows: On = {}, { 6 SE,
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(1) Arrivals from outside the network occur according to a Poisson process with

rate Np).

(2) Service times are HD random variables following an exponeutial distribution

with mean (The mean message length is lfl bits and the transmission

capacity is O, bits/second).

Assume that the service time processes are mutually independent. Further, assume that

given the state of E, the external arrival processes are mutually independent, and the col-

lections of service time processes and arrival processes are independent of each other.

For routing purposes, messages are assumed to be typed according to their source

and destination (nodes). A jk—message, a message with source j and destination k,

arrives to node j, follows a fixed (unique for each environment state) path of links

through the network, and departs after reaching node k.

Now let N = {N(t); t 2 0} be the process of network queue lengths, where

NU) = (N1U)» NZU))---»NLU))
and is the length (including the customer in service, if any) of queue I at time t.

Then the process of interest, (N, E) = {N(t), E(t); t 2 0} is a Markov process with state

L
space (ÄSM) X SE, where SN, = {0, 1, 2, . . is the state space of a single queue length

process.

To model the dynamic hierarchy as above, the correspondence must be specified

between the external arrival processes (in the form of source/destination node pairs) and

the resultant processes of external arrivals to the individual servers (links). Let

FU) = be the matrix of arrival rates, expressed in terms of source/destination pairs,
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for configuration I. Consider a single node j with {I1, I2, . . . , In} the set of outgoing

links that are connected to the node and are active in configuration I. For each

I 6 {ll, I2, . . . , I„} define the external arrival rate to link I in configuration I as

E WS?
{1~=«¢$2}

It can be shown that in configuration I, the external arrival process to link I is Pois-

son with rate X'?). Briefly, on = I}, the original external arrival processes are

independent, Poisson with rates Thus, the superposition of the specified processes is

Poisson with rate Ni;) [CINE75]. Further, given the state of the environment process,

these individual link, external arrival processes are mutually independent and the collec-

tion of these processes is independent of the collection of service time (message length)

processes. Note that XII) accounts for arrivals from outside the network only. The com-

posite rate XIII of message arrivals to link I in configuration I includes contributions due

to message forwarding inside the network. In general, derivation of the )\)‘)’s requires

detailed knowledge of the steady state message flow rates.

4.2. Approximate Single Link Models

Since the solution to the RE-network is not expected to be of product form and the

rates of flow in the network are largely unknown, an additional assumptions is necessary

and is introduced in Section 4.3. In this section, matrix-geometric methods first are dis-

cussed and then are applied as a technique for modeling and analyzing the individual

queues as if they are RE-queues in isolation.

In modeling the dynamic hierarchy, nodal processing times are assumed negligible

and each node is considered to possess sufficient processing capability to operate all
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incoming and outgoing links simultaneously. Thus, the links and their associated queues

are the individual service systems of interest. Nodes are considered points at which mes-

sages are routed to the appropriate links or to outside of the network l. Two variants of

the RE-queue are introduced to model these individual systems. The first variant incor-

porates the assumption that network configuration transitions (reconfigurations) are

instantaneous. The second allows for a reconfiguration period preceding each transition.

(The following notational conventions are employed in this section: Symbols in bold

type denote vectors. Depending on the context in which they appear, symbols in normal,

non-bold type denote matrices or scalars. The symbols 0 and 1 denote the appropriate

size vectors of zeros and ones, respectively).

4.2.1. Matrix-Geometrie Results

Several main results from the RE-queue literature are needed to analyze the model

of a dynamic hierarchy link in isolation. These results relate primarily to queue length

and virtual waiting time. Since Neuts is the primary contributor to the theory of phase

processes, or PH-processes, of which the RE-queue is an application, the presentation in

this section follows the order and a modified form of the notation of his text on matrix-

geometric methods ]NEUM81b]. (The theory of quasi birth and death processes, which are

contained in the set of PH—based processes, originates with the dissertation of Wallace

[WALV69]).

Neuts observes that in ‘the construction of algorithmic solutions [of stochastic

models], it is overwhelmingly clear that the structure l is of paramount importance. The

be considered message producers and consumers. However, the distinction between
this view and the current view that messages originate outside the network and ultimately exit the
network is not important with respect to this analysis.
1 "Structure' refers to the structure as reflected in the transition matrix.
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specific analytic form of the elements of the transition probability matrix is of far less

consequence . .
.’

[NEUM81b, p. 2]. The overriding characteristics of the matrix-

geometric approach are

• Exploitation of structures of transition matrices or infinitesimal generators to

reach solutions through probabilistic approaches. Transform methods are

avoided when possible. In general, the transition matrices and generators are

expressed in terms of sub-matrices that are defined by partitioning the original

matrices. Most of the resultant solutions involve matrix operations.

• A ‘concern for solution methods that are implementable in a general and numeri-

cally stable manner and offer detailed information on at least some of the more

complex models encountered in the study of practical queueing systems.’

[NEUM81b, p. 3] This characteristic falls under the general heading of computa-

tional probability, which Neuts defines in the preface to [NEUM8lb]. The form of

the (scalar) elements of a particular matrix is of much less importance than the

ability to devise a robust algorithm to solve numerically one or more matrix

equations.

A Markov process T of the GI/M/1 type is one whose transition matrix Q has the

1 Since continuous time Markov processes are of interest, this presentation skips the analogous
theory for Markov chains.
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form

Bo A0 0 0 0 . . .
B1 • • •

B2 • • •

_ B3A3A2A1A0...
Q: 19,.4,,,4;,,4,,4,. ..

where the B, and A, are M X M nounegative matrices. The Markov process Q is

assumed to be irreducible.
Q.

has state space {(i, j): i 2 0, 1 S j S M}, where the states

are ordered lexicographically. The set {({, 1), . . . , (i, is called level i.

Let 2 = [20, 21, 22, · · · ], where 2, = [call) , . . . , xlm] for each i, be the invariant

probability vector of Ö and define

00

A
=b-0

Under appropriate conditions (irreducible Q, nonsiugular B0 and A1, and Al = 0),

Theorem 1.7.1 of Neuts [NEUM81b, pp. 32-33], which is not repeated here, gives the sta-

tionary probability vector 2 satisfying 2Ö = 0, 21 = 1 for the general GI/M/1 type pro-

cess.
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When the generator Ö has a block tridiagonal structure, that is

Bo A0 O 0 0 . . .

0 A2 A1 Ao 0 . . .

~
• • •Q: oo o.42A,...·

the Q process is said to be a quasi birth and death process or QBD process. In this case,

the matrix A simplifies to

A = A0 ‘l' Al + A2.

The general theorem is restated as follows [NEUM81b, pp. 82-83]:

The process Ö is positive recurrent if and only if the minimal nonnegative solution
R [the rate matrix] to the matrix-quadratic equation

R2142 0

has all its eigenvalues inside the unit disk [denoted by sp(R) < 1] and the finite sys-
tem of equations

0

z0(I — R)"1l = 1
has a unique positive solution ::0.

If the matrix A is irreducible, then sp(R) < 1 if and only if

where I is the stationary probability vector of A.
The stationary probability vector 2: = [::0, 2:1, . . of cj is given by

zi = zoR‘, for i 2 0.

The (equivalent) equalities

hold.

Waiting times in queues modeled as QBD processes are analyzed as absorption times
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in finite Markov processes. The appropriate Markov process has generator

0 0 0 0 . . .
A2 D 0 0 . . .

0 A2 D 0 . . .
Q" = 0 0 A2 D...,

where A2 and D are M X M matrices whose forms depend on the model under considera-

tion.

Define K = —D'1A2. Let y(0) = ]yo(O), yl(0),y2(0), . . be the initial probability

vector of Q° and W(z) = ]W(1l(x), W(2)(x), . . . , W(M)(2:)] be the vector of absorption

probabilities, where W(·ll(::) = P(absorption into (O, j) by time x). The primary results

of interest here are [NEUM81b, pp. 133-134]:
(1) The vector of Laplace-Stieltjes transforms of the components of W(x) is

®

w(s) = Z‘y,‘(0)[(sI — D)'lA2]" , for s 2 0 and
k-0

(2) The mean vector —w’(0) is finite if and only if the vector Z'kyk(0) is finite. It
k-1

is then given by
°o *-1

v -1 E-v
—•¤’(0)

= 21040) 2K (—D )K -k-1 u-0

Consider now an M/M/1 queue in a random environment. The environment is

assumed to be an M state Markov process E with irreducible generator Q. On

{E(t) = i}, arrivals occur according to a Poisson process with rate X6), service times are

IID exponential random variables with mean —%, and the arrival and service time
ü

processes are independent. The arrival and service rates change instantaneously when E

changes state. The queueing discipline is first-come-first-served.
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Let N(t) be the queue length at time t. Define k = [km, km, . . . , k(M)] and

p = [pm, pm, . . . , [lim] as the arrival and service rate vectors, respectively. Then

(N, E) = {(N(t), E(t)); t 2 0} is a QBD process with generator

Q — A(k) A(k) 0 0 . . .
A(u) Q — A(k + u) A(k) 0 . . .

~
0 A(p) Q — A(k + p) A(k) . . .

Q= O 0 A(;1) Q——A(k+p). . . ,

where

am 0 . . . 0
0 aß) . . . 0

l) 0 . . . ulm

The corresponding results regarding queue length probabilities are [NEUM81b, p. 258]:

Let I be the stationary probability vector of Q. Then the queue is stable if and only
if

Ik < Ip.

The matrix R is the minimal solution of the equation

R2A(#) + RIQ — A0 + #)] + A0) = 0,
and . . . provided [the stability condition holds], we have

Rp = k.

Also [NEUM81b, p. 258]:

The stationary probability vector z = [20, :1, . . of the stable queue is given by

zk = I(I — R)R", for k 2 0.
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The matrix R may be computed as follows [NEUM81b, pp. 38, 258]:

1. R(O) = O
2- R(“ + 1) = {[R(¤)]2A(ß) + A§>—)}l¢1(>— + ß) — Q]"
3. Repeat step 2 to determine R as the first R(n + 1) for which

MA)Q_j{R,j(n + 1)- R(n)} < 6
for some small 6 > 0.
This

Ri
is taken as the approximate value of R.

Waiting times in this queue are analyzed by considering a version of (N, E) in which

no arrivals occur. The modified process begins with an arbitrary (random) number of

customers and services them until the last customer departs, at which time the process is

absorbed into one of the states of level 0. If the initial distribution of the number of cus-

tomers present y(0) (as discussed previously) is chosen to be the stationary queue length

distribution, z, for (N, E) at arbitrary times, the time until absorption in the modified

process is the virtual waiting time (the time that a virtual customer would spend waiting

in the queue) for

(N,Thegenerator of the absorbing process is

0 0 0 0 . . .
A(ß) Q — A(p) 0 0 . . .

_ 0 A(#) Q — 4101) 0 - - -Q°= 0 0 401) Q—A(#)- - —,

so that A2 = A(p), D = Q — A(p), and K = —[Q — A(u)]"1A(p). Thus, the vector of

Laplace-Stieltjes transforms of the virtual waiting time distributions is

FUandmean virtual waiting time is



- 42 -

w,,
- -w;·(o)1

oc 1;-1
= *(! —— R) Z’R"Z'[—(Q — A(1¢))"A(1¤)]"{—(Q — A(1#))]“‘

1;-1 ;»-o

· [—(Q — A(1#))"A(1#)]"""1·

(W;'(s) denotes the vector of derivatives of the elements of W;(s)). Mean virtual time in

the system (time in the queue plus service time) is thus

Sv = Wv +
(’W)_1«

where (Ir}1)“1 is the mean effective service time [NEUM81b, p. 272].

Other waiting times can be analyzed if the appropriate initial distributions for the

Q° process are known. For example, if the vector z = [zo, zl, 22, . . of stationary queue

length probabilities for the Q process at arrival times is known, and y(O) is set equal to z,

then the time until absorption into a state of level 0 of Qo is the customer waiting time

(not including service time)

in4.2.2.Instantaneous Reconfigurations

Consider a single link j in a dynamic hierarchy. Let E = {E(t); t 2 0}, a Markov

process with finite state space SE = {1, 2, , . . . , M} and irreducible generator

• • •

• ••Q

= 1 1 ° . Z »

be the model of the external environment. Let II' = [7l’(1), 7l'(2), . . . , Ir(M)] be the invariant

probability vector of Q. (This process represents the environment of the entire network

as well as that of each link. However, it is discussed here in terms of its effect on a single

link).
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Assume that on = i} the composite arrival process to link j is Poisson with

rate Xgfl, the length of a message entering service is reassigned according to an exponen-

tial distribution with mean jfl, the randomly chosen message lengths are independent,

and the arrival and message length processes are independent. Let Cj be the transmis·

sion capacity of link j so that the service rate on link j in every configuration is uGj.

Assume further that the time required to effect a reconfiguration is negligible. Then

reconfigurations can be considered to occur instantaneously with environment state

changes.

The following additional assumptions are included in this model:

• Waiting room (buffer space) available for messages queued at a link can be con-

sidered unlimited.

• Messages are transmitted, without interruption, on a first-come-first-served basis.

• Propagation times are negligible.

• Links are noiseless and error free.

This model is an RE-queue with arrival rate vector Xj = [X9), XS2), . . . , XSM)] and

service rate vector pi = [uCj, ;1Cj, . . . , pCj]. The generator for the joint



- 44 -

environment-queue length process (Nj, E) is

Q—A(Xj) A(Xj) 0 0 . . .
;1CjI Q — (A(Äj) + llC'j]) A(Xj) 0 . . .

0 [LC,] Q — (A(Äj) +uCjI) A(Xj) . . .
Q,= 0 0 #0jl Q—(A()·;)+#6';[) ~ · - ·

The queue is stable if and only if ürrkj < 1.
i

Stationary queue length probabilities, mean queue length, and mean virtual waiting

time for link j (in isolation) are computed by applying the previously discussed iterative

method to determine Rj, the minimal solution to

and then computing the necessary matrix-geometric and related quantities.

4.2.3. Recorifiguration Pcriods

Consider now the following operating characteristic of the dynamic hierarchy: The

arrival and message length processes are influenced by an external environment process as

before. Additionally, preceding each reconfiguration, the network enters a reconfigura-

tion state for a time interval known as a recorzfiguration period [BHAU86] (See also

[NAGS86]). Such a period allows the network nodes time to perform any processing

necessary to enable operation in the new configuration. Let AN be the set of potential

apex nodes and AL be the set of links connecting members of AN. Then during a reconfi-

guration period, message transmission on links in AL ceases. Messages arriving to a node

in AN (including external arrivals) intended for transmission over a link in AL are queued

at the link until the end of the reconfiguration period. Transmission on links not in AL
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continues. Note that a link connecting a node in AN and a node not in AN is not in AL.

Thus, message transmission on such a link continues during a reconfiguration period.

To model this behavior, first the states 10, 20, . . . ,M0 are added to SE to form the

state space SE! of the environment process El. The ordering 10, 1, 20, 2, . . . , M0, M is

imposed on the elements of SE1. When an environment transition from normal state

h 6 {1, 2, . . . , M} = SE occurs, instead of entering state { 6 SE, the environment enters

rec0nf{gurat{on state io 6 {10, 20, . . . , M°} = Simultaneously, the network enters

configuration {0, which is identical to configuration {, but in which operation follows the

previously described reconfiguration procedure. The interval in which the network confi-

guration is io corresponds to a reconfiguration period. During this period, messages

arrive from outside the network according to Poisson processes with rates identical to

those induced by environment {.

Immediately following a period of residency in state {0, the environment enters, with

probability one, state {. The end of the reconfiguration period coincides with this transi-

tion. Normal network operation in configuration { proceeds. Arrivals from outside the

network occur according to Poisson processes with rates induced by environment {.

For each link j not in AL, regardless of whether the environment is in a state

io 6 sg or a state { 6 SE, the length of a message entering service at the link is assumed to

be reassigned according to an exponential distribution with mean #-1. The service rate at

a link j with capacity C', thus remains #C'j for every configuration. A similar assump-

tion holds for links in AL with the exception that the service rates on these links are zero

when the environment is in a reconfiguration state.

The independence assumptions of the previous link model are retained in this
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variant. That is, message lengths at link j are independent and given the state of the

environment, the composite arrival process and the message length process are indepen-

dent.

The remaining conventional assumptions (unlimited buffer space, FCFS service,

negligible propagation times, and noiseless, error free links) are retained also. Further, it

is assumed that a message being transmitted on a link in AL when service is interrupted

for a reconfiguration period is placed at the front of the queue and retransmitted in full

when normal service resumes.

Let E1 = {E1(t); t 2 0}, the environment process, be a Markov process with state

space SE! = {10, 1, 20, . . . , M0, M} and irreducible generator Q1. Q1 has the following

nondiagonal elements:

Q1(h, {) =0, h, {6 SE,

Q1(h» fol =Jh{°r h 6 Sa fo 6 Sii»

Q1(h0, 1):0,1;,, 6 Sg, {6 SE, { ;é h,

Ql(h0r hl =°r•01•·

Thus, as previously described, from any normal state h, the environment may enter (in

one step) any reconfiguration state and from any reconfiguration state ho, it may enter

only the associated normal state h.

Note that Q1(h, h0) may be nonzero. Hence, state h may be followed in two steps

by itself. The effect on the network of such a sequence of transitions is that it remains in

configuration h and resumes normal operation after a reconfiguration period (Recall that

configuration h0 is, by definition, identical to configuration h).

The environment influences a link j as followsz On {E1(t) = {} for { 6 SE, the com-

posite arrival process to link j is Poisson with rate X9) and the length of a message
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entering service is reassigned according to an exponential distribution with mean ;1"1. On

{E1(t) = {11} for {11 6 SE, the composite arrival process to link j is Poisson with rate
)\gi°).

If link j is in AL, no messages are transmitted (the service rate is zero). Otherwise,

transmission proceeds as before at rate [1G'j.

This model of a dynamic hierarchy link is an RE-queue with server interruptions. If

j 6 AL, then (Ni, E1) has arrival rate vector Äj = [)«g1°), Xgl) )\§2°), XQ2), . . . , XSMJ, Xgm]

and service rate vector pj = [0, pC’j, 0, [LC'), . . . , 0, }1C'j]. For j not in AL,

x, and
pi = [;1C’j, 11Cj, uCj, 1101,..., uC'j, MC,]. The Ä?) for { 6 SE are the same as those of

the previous model. However, the effect of service interruptions on links in AL pro-

pagates throughout the network so that in general,
)«)i°) 76 Ä?) for all io irrespective of

whether j 6 AL.

The generator for (N1, E1) is

Q1 — A(Xj) A()„j) 0 0 . . .
A09) Q1—A(>—;+I9) A09) 0 - - —

~
0 A(p_,) Q1—A(Äj+pj) A()«_,) . .
0

0Thestability condition for this queue is < 1, where
1

ir =
[1r(1°), 1r(1)· 7l'(2°), . . . , 7l'(M°), rdm] is the invariant probability vector of Q1.

As with the previous model, an appropriate matrix-quadratic equation may be writ-

ten and its minimal solution R1 used to compute stationary queue length probabilities,
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mean queue length, and mean virtual waiting time.

4.2.4. Other Models

In separate but related work, Bhat and Nance [BHAU86] propose a third model for

links (and nodes) in the dynamic hierarchy. Each link is modeled as an independent

1 queue and three periods of operation are considered: normal operation, reconfi-

guration, and adjustment. A reconfiguration period is a period during which the network

configuration changes and transmission between potential apex nodes ceases. An adjust-

ment period is the first busy period of a link (particularly a link between two potential

apex nodes) following a reconfiguration period. Mean delay for a link is derived by com-

bining the components due to each of these periods. Mean nodal delay is derived simi-

larly.

A primary advantage of this approach is that it enables examination of the busy

period behavior of links (and nodes) following reconfigurations and the impact of this

adjustment behavior on network performance. The models described here do not recog-

nize adjustment periods explicitly. An adjustment period is included in the period of nor-

mal operation following a reconfiguration but is not analyzed separately. This approach,

using RE-queue models, is better suited for examining steady·state network characteris-

tics and the effects over time of a variable environment on the network.

4.3. Network Model with the Departure Process Assumption

Exact analysis of the RE-network model of Section 4.1 through the multidimen-

sional Markov process (N, E) is beyond the scope of this research. Further, the network

is not separable in the sense that the product form networks of Kelly (or others) are
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separable. To decompose the network into a collection of single server (RE-) queues, an

additional assumption is introduced. Results for single queues are obtained by viewing

them as if they were RE-queues in isolation. The single queue results are combined to

produce a characterization of network performance.

The assumption that leads to a decomposition of the network is:

Departure process assumption: Assume that at each queue, the process of jk-

message departures is statistically identical to the process of jk·message arrivals to the

queue.

The following result now holds.

Theorem 1.

Given the departure process assumption

(1) For each jk, each flow process of jk-messages in the network is a Poisson pro-

cess in a random environment (an RE-Poisson process).

(2) The jk-arrival processes to a link I, for all jk such that I 6 zßjk, are mutually

independent given the environment state.

(3) The composite arrival process to each link is an RE-Poisson process.

proof

First, the following characteristic of logically dynamic hierarchies is reiterated and

its implication is noted: A jk-message passes through the network over a unique, shor-

test path rßjk. Since tßjk is the shortest path from node j to node k, it contains no

repeated links. Once a message traverses e/1,,, and reaches node k, it departs the network.

Thus, indirect (and direct) feedback is not possible. Further, since the network is tree-

structured and all queueing is FCFS with single servers, overtaking is not possible.
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Complications due to feedback and overtaking therefore are absent from these networks.

The validity of (1) is established by observing that as a result of the departure pro-

cess assumption, the jk-arrival process at node j, which is a Poisson process in a random

environment by definition, propagates through the network to become a collection of

RE-Poisson processes of jk-messages arrivals to and departures from each link in the

path nßjk. The members of this collection are statistically ideutical to each other and to

the jk-arrival process at node j.

Result (2) follows from the departure process assumption and the tree-structured,

non-overtaking nature of the network. By definition, the external jk-arrival processes,

for all jk, are mutually independent given the environment state. For a fixed jk,

nowhere in the network does the flow of jk-messages experience cycles or overtaking.

Further, for any I 6 zßjk, there exists only one jk-arrival process to queue I. This jk-

arrival process is the propagation to queue I of the external jk-arrival process to node j.

The external jk-arrival processes are mutually independent given the environment state.

It follows from the departure process assumption that the propagations of the members of

any subset of this collection of processes are mutually independent given the environment

state. Specifically, for each I, this independence property holds among the jk-arrival

processes to queue I, for jk such that I 6 1/2 jk.

The third result follows from (1) and For any I, for each jk such that I 6 rßjk,

on = I} the jk-arrival process to queue I is a Poisson process with rate and the

elements of the collection of such processes at queue I are mutually independent. Thus,

on = I} the composite arrival process to link I is a Poisson process with rate

XV) = Z; Thcrefore, the composite arrival process to link I is an RE—Poisson51::1 e jk
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process with rate vector kl = ]k]1), kw, . . . , kfw].

I

Corollary 1

Given the departure process assumption, queue I in an RE-network is an RE·queue

with arrival rate vector kl = [k]l), k]2), . . . , kfw], where k]‘) =
Ejkzl6 gb].,

4.4. Mean Network Delay

Theorem 1 and Corollary 1 show that the departure process assumption has the

desired effect of simplifying a network (in a random environment) of queues of unknown

probabilistic nature to a network of RE—queues with known arrival rates (The service

rates are known in any case). In this section, the individual RE-queue results, which are

summarized in Section 4.2, are combined to derive a formula for approximate mean net-

work delay.

For each 5 6 {1, 2,...,L}, let >., = [xy), >„g2>,...,xgm} and

pl = [110j, 110,, . . . , VC,] be the arrival rate and service rate vectors, respectively.

Assume that 1rk _l < fjlj and let Rj be the rate matrix for queue j, that is, the minimal

solution of

R}?./1(;1,) + R,[Q — A(k_l + 14,)] + A(>.,) = 0.
Then the stationary environment/queue length probabilities for queue j are

and mean virtual time at queue j is

oo
k

k_1

-1 V -1Sv; = *(I-1
y
-

' l"(Q
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Define the following additional notation:

Wü = network delay of a jk-message.

TI = delay of a message at queue I.

T = network delay of a message.

pü = probability that a message is a jk-message.

Then mean network delay is

T= EITl

[T I jk—message]P( jlc—message)
1

= OD {jk*H]€SS8«g€} T'-=1

=
Z‘Z'pü

E E[T,] since Wü = E T,.
j k I 6 (ij, I 6 wü

M . .
The mean arrival rate of jk-messages is Z'1r(’)^y§}) and the mean arrival rate of all

· s-1
M . . M . . M . . . .messages is Z'Z'Z'“")'v§2) =

E“")Z‘L‘YS?
= Z'“")*r"), where *1*) = Z'Z‘Y§?—5 1; z-1 i¤1 5 1: 6-1 5 11

Now let

· p'ü = weight ofjk-traffic

.‘~i~««<‘>«gz>
=s-1

and suppose that mean time at queue I, E[Tl], can be approximated by mean virtual time

at queue I, Sw. Then mean network delay is approximated by

TI = Zgpfjk E Sv:
- j k I 6 wü

M . .;,;«<·>·«$Q
SV!

1 k 2:•1,.(i),.,(i) I6 Iwü
s-1
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where

M . .E = E {J Z{¤"’*v$?
J

jk: I 6 $1.,*-

M . .= s«<·>s s ·¤$Q
6-1 5 _ 15

jk: I 6 $j,

= §f—„«>w>.
5-1

Note that XV) is the composite arrival rate to queue I when the environment state is i.

Thus, X, is the mean composite arrival rate to queue I.



CHAPTER 5

SIIVIULATION MODEL

A simulation model is employed in this investigation to provide confidence interval

and point estimates that are used to assess the accuracy of the mean network delay

approximation. Specifically, in this cross-validation effort, the results of the two models

are compared to determine the conditions under which the approximation is accurate.

Many details may be included in a simulation model. Decisions to include or exclude

details should be guided by the study objectives. The objectives of this study are stated

roughly in the previous paragraph. The accuracy of the mean network delay approxima-

tion is affected by the departure process assumption and the use of mean virtual time at a

queue to approximate mean actual time at a queue. For the comparison, a source is

needed of results that may be viewed as those of an exact RE-network (without the depar-

ture process assumption or the use of virtual time at a queue). Thus, the dynamic hierar-

chy simulation models no more or less than an RE-network. It is important to note that

the simulation results remain model results and are in no way exact results for the

dynamic hierarchy, the real system of interest.

5.1. Model Structure

In line with the study objectives, the structure of the simulation model closely

reflects that of the analytic model. The components (objects or processes) of the model

are:

Message generator: Generate an RE-Poisson process of jk-messages for a given

source/destination pair jk.

Message: Represent the movement of a message through the network.

- 54 -
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Node: Represent a node with routing tables.

Link: Represent the actions of a link and the attached queue.

Environment: Generate a Markov process of environment state changes.

Nodes are passive and hold routing tables that identify the next node and link in the

path of a message. Nodes are connected (conceptually) by links, which, as in the analytic

model, are the servers. Each link contains an FCFS message queue. A message enters

the network at its source node, waits (possibly) and receives service at the links in its

path, and departs the network at its destination node. The environment generates a Mar-

kov process of environment states that affect the network as described with respect to the

analytic model. Message generators supply messages according to RE-Poisson processes.

5.2. Model Implementation

The dynamic hierarchy simulation model is implemented in the SIMSCRIPT II.5 I

simulation programming language [RUSE83] using the process interaction world-view.

This implementation and the simulation experiments are done on the IBM system at Vir-

ginia Tech using the CMS and MVS operating systems. The program consists of approxi-

mately 1025 lines of code (and in-line documentation) plus approximately 170 lines of

introductory documentation.

PROCESS types and their attributes in this program are defined in the PREAM-

BLE of the SIMSCRIPT source code given in Appendix G. Additionally, various attri-

butes and routines are defined at the SYSTEM level. ROUTINES include those for

implementation of the environment transition mechanism, input/output, and support of

lementation was written in Simula 67 [BIRG73] but subsequently was translated
to SIMSCRIPT II.5.
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the experimental design.

5.3. Experimental Design

The method of batch means is the underlying experimental design for this simula-

tion. Each run consists of a transient period and multiple, consecutive batches.

Estimation of the transient period length is accomplished through simulation runs

with the network and parameters given in Appendix A. Six pilot runs are executed. Each

has a simulated run length of 1200 seconds. Runs 1, 2, and 3 represent the case where the

arrival rates (and the link utilization factors) remain constant (that is, for each link j,
X9) = X?) = Ä,). In runs 4, 5, and 6, the arrival rates vary, with X9) yé X?) in general,

for each j. Within each group, {1,2,3} and {4,5,6}, different runs are defined by using

different stream values (or equivalently, using different initial seeds) for the SIMSCRIPT

random variate routines. Listings of the stream values used are included in Appendix A.

Each pilot run is divided into batches of 250 messages. Within a batch, an observa-

tion is accumulated for mean queue length at each queue, mean delay at each queue and

mean network delay. At the end of each batch a moving average is calculated (updated)

for each of these means. In this way, the run yields a collection of sequences of

time/moving average pairs— one sequence for each of the means of interest.

The results of the pilot runs are compiled in graphs that are used to estimate the

length of the transient period in general. Two such graphs are shown in Figure 4. Figure

4(a) plots the moving average for mean network delay in runs 1, 2, and 3. Figure 4(b)

plots the moving average for mean network delay in runs 4, 5, and 6. Appendix A con-

tains the remaiuing graphs. Differences among the curves in a single graph are due to

statistical variation among multiple runs of the simulation with different random number
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streams. The time to reach steady state, that is, the transient period length (as visually

estimated by the author) is indicated in each graph by a vertical line. The individual

transient period length estimates are compiled in Table 1. The average value in this table

is 683.2071 seconds and the maximum is 938.6364 seconds.
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Table 1. Observed Times to Reach Stead State
erformance measure transient eriod lenth

network delay 784.8485
456.0606

queue length 774.2424
636.3636
784.8485
710.6061
572.7273
938.6364
434.8485
615.1515

queue delay 790.1515
636.3636
742.4242
715.9091
562.1212
848.4848
721.2121
572.7273

As a conservative estimate that is expected to be sufficiently large for all cases of

interest, 1200 seconds is chosen as the transient period length. For this network, approxi-

mately 24300 to 29400 messages pass through the network in that time. Therefore, in

subsequent simulation runs, it is assumed that steady state conditions hold upon the

departure of the 30000th message. Observations accumulated during the transient period

are deleted.

The value 30000 messages is chosen as the batch size as well. Within each batch, an

observation is accumulated for the mean and variance of queue length and delay at each

link and the mean and variance of network delay. After the final batch, these observar

tions are used to calculate point and confidence interval estimates for mean queue length

at each link, mean delay at each link, and mean network delay.
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5.4. Credibility Assessment

The steps taken to establish the credibility [BALO87] of the simulation model

include: (1) design of the model in a structured manner, (2) implementation in a well

known simulation programming language, (3) extensive examination (desk checking) of

the implemented code, (4) execution tracing, and (5) stress testing.

Regarding steps (1) and (2), the model was designed in a top-down fashion and sub-

sequently implemented in SIMSCRIPT II.5. The resultant model structure and imple-

mentation are described in Sections 3.1 and 3.2, respectively. At various points in the

implementation, debugging, and initial experimentation, the code was examined (entirely

or in part) to insure its agreement with the model design.

To confirm that the execution of the implemented model proceeds correctly, a trace

is generated of selected events in a simulation of the network whose topology and parame-

ters are given in Appendix B. The events traced are: environment activation and transi-

tion, message activation, message arrival to a node, message arrival to a link, and mes-

sage departure from the network. A sample of the trace output is shown in Appendix B.

The event times associated with the first thirty messages to depart are listed in

Tables 2 and 3 T. Examination of these tables or the trace output shows:

• 1,3-messages correctly follow the path node 1 —> link 1 —» node 2 —» link 2 —•

node 3. 3,1-messages correctly follow the path node 3 —> link 3 —» node 2 —• link

4 —» node 1.

• All messages eventually depart the network.

arameters for this network allow 1,3- and 3,1-messages only. Consequently, no
data appears for messages with node 2 as the source or destination.
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• No simultaneous arrivals occur.

• No message departs from a link at the same time it arrived at the link (that is, no

service time is zero).

• No two messages depart from the same link simultaneously.

• Messages do not overtake one another, which implies the FCFS queueing is han-

dled correctly.

Last, the environment events in the trace show that all intertransition times of the

environment are nonzero and no one step transitions of the form i—•i occur.

Table 2. Event Times for 1 3-Messa es
1>N1

0.0 0.0 0.91 0.91 0.91 1.25 1.25 1.25 1.24846
3 0.53 0.53 1.52 1.52 1.52 2.34 2.34 2.34 1.80793
5 0.81 0.81 1.96 1.96 1.96 2.74 2.74 2.74 1.93865
10 2.9 2.9 2.91 2.91 2.91 4.36 4.36 4.36 1.45912
13 3.88 3.88 3.95 3.95 3.95 4.62 4.62 4.62 0.73519
14 4.02 4.02 4.40 4.40 4.40 4.79 4.79 4.79 0.77213
15 4.76 4.76 5.49 5.49 5.49 5.82 5.82 5.82 1.06234
17 5.65 5.65 6.70 6.70 6.70 7.33 7.33 7.33 1.67495
18 5.86 5.86 6.92 6.92 6.92 7.69 7.69 7.69 1.83226
19 6.33 6.33 8.08 8.08 8.08 8.19 8.19 8.19 1.86819
22 7.30 7.30 8.11 8.11 8.11 9.26 9.26 9.26 1.96292
23 7.7 7.7 8.93 8.93 8.93 9.34 9.34 9.34 1.63542
24 7.77 7.77 10.73 10.73 10.73 10.76 10.76 10.76 2.99026
32 9.83 9.83 10.99 10.99 10.99 11.04 11.04 11.04 1.21596
34 11.07 11.07 11.84 11.84 11.84 12.01 12.01 12.01 0.93625
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Table 3. Event Times for 3 1-Messaes

· n1 D N @
2 0.0 0.0 0.16 0.16 0.16 0.62 0.62 0.62 0.62131
4 0.56 0.56 0.62 0.62 0.62 0.98 0.98 0.98 0.42273
6 1.0 1.0 1.06 1.06 1.06 1.17 1.17 1.17 0.17217
7 1.56 1.56 2.57 2.57 2.57 3.31 3.31 3.31 1.7492
8 2,27 2.27 3.37 3.37 3.37 3.82 3.82 3.82 1.54549
9 2.68 2.68 4.59 4.59 4.59 5.01 5.01 5.01 2.32609
11 3.25 3.25 6.35 6.35 6.35 6.41 6.41 6.41 3.15370

12 l 3.66 3.66 6.35 6.35 6.35 7.57 7.57 7.57 3.91303
16 5.4 5.4 6.64 6.64 6.64 7.82 7.82 7.82 2.4221
20 7.13 7.13 8.84 8.84 8.84 9.6 9.6 9.6 2.46266
21 7.19 7.19 9.01 9.01 9.01 10.71 10.71 10.71 3.5129
25 7.97 7.97 9.03 9.03 9.03 11.18 11.18 11.81 3.21619
26 8.63 8.63 9.41 9.41 9.41 11.2 11.2 11.2 2.57022
27 8.93 8.93 10.68 10.68 10.68 11.82 11.82 11.82 2.89081

28 T 8.93 8.93 11.4 11.4 11.4 12.55 12.55 12.55 3.62184

A(nlc) = arrival time to node Ic.
A(lj) = arrival time to link j.
D(lj) = departure time from link j.
D(N) = departure time from network.

Stress testing is performed using the topology and parameters given in Appendix C.

This network, the environment parameters, capacities, and mean message length are

identical to those used for runs 4, 5, and 6 in the determination of the transient period

length. The traffic matrices are generated by first noting that with the arrival rates in

Section A.2, link 4 experiences the highest utilization, P4 = 0.65, and then increasing all

rates so that in successive experiments, p4 takes on the values 0.9, 0.95, 0.99, 0.995, and

0.999. The remaining links experience a corresponding increase in utilization.

The simulation output from these experiments does not show any unexpected

behavior. As expected, as the network load increases and p4 approaches 1, mean queue

length and mean link delay increase rapidly and would become unmanageably large for p4

sufficiently close to 1 (theoretically approaching oo as p4—>1). These mean values and the

1* These lines each contain an event time equal to that of previous line due to finite output precision.
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value of mean network delay are given in Table 4. Although mean network delay experi-

ences a seventeen-fold increase, it remains relatively small due to the moderating influ-

ence of the other links, whose utilization factors are not close to 1.

Table 4. Network Performance Under Stress Testin ;
link 4 network

utilization mean ueue len th mean dela mean dela
0.90 9.9069 1.0966 0.4963
0.95 19.0543 2.0029 0.7707
0.99 165.8173 16.5834 4.7146

0.995 221.5103 22.1765 6.1974
0.999 301.3271 30.1893 8.2966



CHAPTER 6

COMIPARISON OF ANALYTIC AND SINIULATION MODELS

As previously discussed, the analytic model is validated by comparison with the

results of the simulation model. More precisely, the comparison enables identification of

the types of dynamic hierarchy topologies and parameters for which the analytic model

yields accurate results.

6.1. Test Networks

The topologies for the ten dynamic hierarchies that are employed as a basis for the

comparison are given in Appendix D. Some of these networks are used to test certain

hypotheses and others are intended to represent typical dynamic hierarchies. Networks 1,

6, and 7 are used to examine behavior in nonbranching networks in which messages arrive

only to the end nodes and are destined only to the end nodes. Networks 1, 2, 3, 4, and 5

are used to examine the effect of an increasingly higher in—degree of links to a node and

out—degree of links from a node. Networks 8, 9, and 10 are intended to represent typical

dynamic hierarchies. That is, they possess multilevel tree structures and are of moderate

size.

Definition of the test networks is completed by specifying various sets of parameters

for each network. A set of parameters for a network consists of values for traffic

matrices, environment process generator (and the resultant stationary probability vector

of the environment process), link capacities, and mean message length. These parameter

sets are given along with the topologies in Appendix D. An experiment consists of apply-

ing the simulation model and analytic model to one topology and parameter set (The

terms topology and network will be used interchangeably where no ambiguity will result).
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The parameter sets are used to examine network behavior under conditions of

interest and to represent those of typical dynamic hierarchies. All of the parameter sets

are used to test the effect of different levels of link utilization. Approximate values of

link utilization are listed in Table 5 I. Each network has at least one experiment with

medium (0.4 - 0.5) link utilization and at least one with high (0.85 - 0.9) link utilization.

Table 5. Re • resentative Link Utilization Levels
network arameter set link utilization

1 to 7 1 0.4444
2 0.2222
3 0.8889

8 1 0.4444
2 0.2222
3 0.8889
4 0.3555
5 0.1807
6 0.7230

9 1 0.4444
2 0.4444
3 0.8889
4 0.8889

10 1 0.4444
2 0.4444
3 0.8889
4 0.8889

In the parameter sets for networks 1 to 7, the arrival rate matrices are specified so

that messages arrive at end nodes and depart from end nodes. For example, in network

3, messages destined for node 1 arrive at nodes 3, 4, and 5, and messages destined for

nodes 3, 4, and 5 arrive at node 1. Neither external arrivals nor departures to outside the

1* Due to the method of selecting arrival rates and capacities, link utilization factors within a given
experiment tend to be approximately equal.
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network occur at node 2. In other words, the network handles 3,1-, 4,1-, 5,1-, 1,3-, 1,4-,

and 1,5-traffic only. In networks 1, 6, and 7, this type of traffic pattern enables examina-

tion of behavior as a single message stream (in each direction) is propagated down a series

of links. In networks 1 to 5, this type of pattern enables examination of the effect of com-

bining separate message streams into a new stream that is transmitted across a single

link and the effect of splitting a single message stream into different streams that are

transmitted across separate links.

An additional aspect that is examined in the experiments on network 9 and network

10 is the effect of increasing rates of environment transitions. For each of these net-

works, experiments 1 and 3 are performed with a specified environment process generator

(which is different for each network). Then, experiments 2 and 4 are performed on each

network with an environment process generator that is equal to five times the original

generator. In this way, the stationary probability vector of the environment process

remains the same as the mean frequency of environment transitions increases.

6.2. Comparative Results

The experimentation and comparison proceed as follows. For each experiment a

simulation is run. This run yields point and ninety-five percent confidence interval esti-

mates for mean queue length at each link, mean delay at each link, and mean network

delay. Then the analytic model is used to derive numerical values for mean queue length

and mean delay at each link and mean network delay for this experiment. A numerical

value from the analytic model is considered accurate (with respect to the simulation

results) if it is contained in the corresponding simulation generated confidence interval.

Otherwise, it is considered inaccuratc and the percentage difference between it and the
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simulation generated point estimate is computed.

Tabulated results for mean network delay for all test networks are given in Table 6.

The columns of this table contain the following data: network number, parameter set

number, analytic value for mean network delay (matrix·geometric network T), simulation

point estimate of mean network delay (simulation network T), endpoints of simulation

confidence interval for mean network delay (confidence interval left/right), indication of

whether the analytic value lies within the confidence interval (T in conf interval), and for

inaccurate analytic values, the percentage difference between the analytic value and the

simulation point estimate relative to the simulation point estimate (% matrix-geometric

Tfrom simulation).
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Table 6. Com arlson ofAna tlc and Slmulatlon Models Mean Network Delmatrix geometric simulation confidence interval T in conf. % matrix geometric T
parameter

set network T network T left interval from simulation
1 1 0.1827 0.1840 0.1830 0.1851 no 0.7065
1 2 0.1266 0.1232 0.1205 0.1259 no 2.7957
1 3 1.0766 1.0402 0.9967 1.0837 yes -2 1 0.1205 0.1229 0.1223 0.1235 no 1.9528
2 2 0.0842 0.0847 0.0843 0.0851 no 0.5903
2 3 0.6934 0.6804 0.6406 0.7201 yes -3 1 0.1168 0.1194 0.1184 0.1203 no 2.1776
3 2 0.0817 0.0826 0.0823 0.0829 no 1.0896
3 3 0.6486 0.6516 0.6228 0.6805 yes -4 1 0.0794 0.0817 0.0810 0.0823 no 2.8152
4 2 0.0556 0.0562 0.0559 0.0565 no 1.0676
4 3 0.4548 0.4630 0.4432 0.4829 yes -
5 1 0.0999 0.1072 0.1063 0.1081 no 6.8097
5 2 0.0683 0.0699 0.0695 0.0702 no 2.2890
5 3 0.6492 0.6768 0.6450 0.7086 yes -6 1 0.1917 0.1904 0.1893 0.1915 no 0.6828
6 2 0.1342 0.1334 0.1330 0.1339 no 0.5997
6 3 1.0647 0.9978 0.9641 1.0314 no 6.7048
7 1 0.3343 0.3403 0.3376 0.3429 no 1.7632
7 2 0.2328 0.2342 0.2315 0.2369 yes -7 3 1.7200 1.5463 1.4793 1.6133 no 11.2333
8 1 0.0268 0.0270 0.0269 0.0272 no 0.7407
8 2 0.0190 0.0191 0.0190 0.0192 yes -
8 3 0.1455 0.1492 0.1398 0.1587 yes -
8 4 0.0237 0.0246 0.0244 0.0247 no 3.6595
8 5 0.0181 0.0185 0.0184 0.0185 no 2.1622
8 6 0.0701 0.0711 0.0690 0.0733 yes -
9 1 0.0279 0.0284 0.0282 0.0286 no 1.7606 A
9 2 0.0276 0.0278 0.0276 0.0280 yes -
9 3 0.1702 0.1685 0.1614 0.1755 yes -
9 4 0.1444 0.1452 0.1370 0.1534 yes -
10 1 0.0120 0.0120 0.0120 0.0121 yes -
10 2 0.0119 0.0119 0.0118 0.0119 yes -
10 3 0.0655 0.0639 0.0612 0.0666 yes -
10 4 0.0609 0.0615 0.0596 0.0635 es -

Appendix E contains similar tables that list results for the individual links. Each

table compares the matrix·ge0metric results for mean queue length and mean delay for

each link with the corresponding coufidence interval and point estimates from the simula-

tion model.

Various conclusions can be drawn from these comparisons. The primary positive

conclusions are:

(I) The analytic results are accurate for larger and more complex networks due
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to the effects of mixing (superposing) internal messages flow processes with

external message arrival processes.

(II) The analytic results are accurate under high levels of link utilization

(0.85 < pj < 1.0).

(III) The analytic results may become more accurate as the frequency of environ-

ment transitions increase.

(IV) In cases where the analytic results are marginally inaccurate or marginally

accurate, the departure process assumption leads to accurate analytic results

for mean queue length but the additional error induced by using mean vir-

tual time at a link to approximate mean (actual) time at a link causes inac-

curacy in the analytic results for mean link delay.

The primary negative conclusions are (See also the comment in regarding mean

link delay):

(V) The analytic results are inaccurate for simple networks, such as networks 1

to 7. For tandem networks, such as networks 1, 6, and 7, the inaccuracy

becomes more pronounced as the length (number of links from one end to the

other) increases.

(VI) The analytic values are inaccurate under low and medium levels levels of link

utilization (0.0 < pj < 0.75).

Conclusion (V) is supported by the comparisons for networks 1 to 5, parameter sets

1 and 2, and all but one of the experiments on networks 6 and 7. Except in network 7,

parameter set 2 l, analytic mean network delay is inaccurate in all cases. The analytic

«mcccr set 2 is considered ZH cdcmcicdc cdsc and does dcr cnccm the ObS€I"V2„t1011S
and conclusions.
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mean queue length and mean link delay results are mixed. In the experiments on net-

works 2 to 5, analytic mean queue length generally is accurate. In the experiments on

networks 1, 6, and 7, this mean generally is inaccurate. Analytic mean link delay is inac-

curate in these experiments.

These observed characteristics are attributed to the absence of mixing of internal

flow processes and external arrival processes and to the accumulation of error along mes-

sage paths in these networks. For any jk and path rßjk, the only node in this path at

which external arrivals occur is j. Thus, the flow of jk·messages through the network is

never mixed with any external arrival processes. That is, the composite arrival process to

each link is either a superposition of multiple flow processes of this type, or one com-

ponent of a decomposition of a flow process of this type.

It appears that as such processes are propagated through the network without being

influenced by subsequently encountered external arrival processes, the composite depar-

ture and arrival processes at each link behave less like the RE-Poisson processes

addressed in Theorem 1. The departure process assumption does not reflect the behavior

of the network with sufficient accuracy in these types of networks.

The most severe inaccuracies occur in the experiments on the tandem networks 1, 6,

and 7. In these networks, a single external arrival process (in each direction) passes

through the network, behaving increasingly less like an RE-Poisson process at successive

links in its path, especially as the path length increases. Thus, the RE-queue model is less

valid, which leads to inaccurate results.

Comparisons in one or more experiments for each network except network 10 sup-

port conclusion (VI). The utilization levels in these experiments are low to medium.

Although the analytic mean queue length and mean link delay results are mixed, analytic
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mean network delay is inaccurate, and overall, the results for these experiments are con-

sidered inaccurate. This conclusion is applicable primarily to relatively simple networks

but holds also in more complex networks at low utilization levels.

Although conclusions (V) and are referred to as negative, they are useful and

significant in the sense that they identify situations in which the analytic model does not

apply. Further, by elimination and in combination with the positive conclusions, conclu-

sions such as and assist in identifying situations in which the analytic model does

apply.

Conclusions (I) and (II) are the positive counterparts of (V) and (VI), respectively.

Regarding the effect of the size and complexity of the network, the comparisons indicate a

trend toward increasingly accurate results as larger and more complex networks are con-

sidered. Networks 8, 9, and 10 represent three steps in increasingly complex, multilevel

network topologies. Analytic mean queue length and mean link delay are accurate overall

and analytic mean network delay is accurate in three of six experiments (one at low and

two at high utilization) on network 8. The analytic results are accurate in all but one of

the experiments on networks 9 and 10 (link utilization in these experiments is medium

and high).

It is concluded that the higher level of mixing (superposing) of internal flow

processes and external arrival process in the more complex networks is responsible for

this trend toward increased accuracy. In networks of this type, the flow of jk-messages

traverses multiple links and passes through multiple nodes. At each intermediate node in

this path of jk-messages, the jk-message flow is mixed with various other internal flow

processes and external arrival processes to form the composite arrival process to a specific

link. It appears that this mixing, especially with external arrival processes, decreases the
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distance between the composite arrival process and the assumed RE·Poisson process.

This influence offsets the accumulation of error that is observed in the simple networks

and thus contributes to more accurate analytic results.

The effect of link utilization level on accuracy of the analytic results is seen in exper-

iments on all of the networks except networks 6 and 7. In all cases (except networks 6

and 7), the analytic results are accurate at a high level of utilization. However, the com-

parisons do not indicate a trend of increased accuracy in the experiments at medium utili-

zation over the experiments at low utilization.

This behavior is similar to that observed with other heavy traffic approximations in

queueing systems (see, for example, the survey discussion in [DISR75]), although the

theoretical justification is absent here. It appears that as the probability of reaching the

boundary (queue length equal to zero) becomes smaller (as utilization increases), the

effects of boundary behavior diminish and the analytic and simulation results become less

sensitive to the given distributional assumptions. The consequence is that the two sets of

results are in closer agreement, which leads to the conclusion that the analytic values are

more accurate.

Conclusion (III) is not supported as well (as the other conclusions) by the comparis-

ons. However, it appears to hold in the cases considered. In two of the networks (9 and

10), parameter sets 1 and 3 use a specified environment process generator. Parameter

sets 2 and 4 use a generator that is equal to five times the original generator, thus

increasing the transition rates of the environment. The comparisons for these experi-

ments show slight increases in accuracy of the analytic results under higher environment

transition rates.

A possible explanation for these increases is that, as in the case of heavy traffic, the
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analytic and simulation results become less sensitive. Under higher environment transi-

tion rates, mean link delay, mean queue length, and mean network delay in the two

models approach common values. Thus, the analytic values are considered more accu-

rate.

Last, conclusion addresses accuracy in the analytic results for the individual

links. As reflected by the number of values that lie within the respective confidence inter—

vals, analytic mean queue length tends to be more accurate than analytic mean link

delay. This characteristic is most noticeable in experiments for which overall accuracy

(or inaccuracy) is marginal. In these marginal cases, the departure process assumption

leads to accurate results for mean queue length. However, the additional error introduced

by approximating mean actual time at a link with mean virtual time at a link causes the

results for mean link delay to be inaccurate.



CHAPTER 7

COMÖPARISON OF DYNAIVIIC AND STATIC HIERARCHIES

The final goal of this research is to compare the performance of the dynamic hierar-

chy with that of the conventional, static hierarchy. This comparison is carried out by

first computing mean network delay for the dynamic and static networks corresponding

to the sixteen network/parameter set combinations of interest. Mean network delay for

the static networks is computed by applying well known results for Jackson networks (as

in [KLEL76], for example). Mean network delay for the dynamic networks is computed

as previously discussed. Then the two values for each experiment are compared to deter-

mine whether the dynamic hierarchy or static hierarchy yields lower mean delay. Addi-

tionally, in cases where mean delay in the dynamic hierarchy is higher, the percentage

difference between the two values is of interest.

7.1. Test Networks

The dynamic hierarchy topologies and parameter sets (not including link capacities)

used in this comparison are those from the previous comparison (of the analytic and

simulation models) for which the analytic mean network delay results are accurate. So,

the networks (topologies) used are 1 to 5, 7, and 8 to 10.

Definition of comparable static hierarchies proceeds as follows. Given a dynamic

hierarchy 11, the comparable topology for static hierarchy Tl is chosen as configuration 1

(one) of the dynamic topology. For each experiment on dynamic hierarchy 11, which

includes a specified set of traffic matrices, the comparable traffic matrix for the

corresponding experiment on static hierarchy 11 is defined as the mean, over all environ-

ment states, of the dynamic hierarchy matrices, That is, let Fil), Fm, . . . , l-(M) be the
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dynamic hierarchy traffic matrices, rr be the stationary probability vector of the environ-

ment process, and F = [qm be the static hierarchy traffic matrix. Then,

1* = E¤„(¢)1*(¢)-
6-1

The static hierarchy is modeled as a Jackson network. Link I has composite arrival

rate

X1 = §° 751,

i/vr! ¢ #1,,
where 1/Jjk is the path from node j to node lc. These arrival rates, mean message length

ifl, and a total capacity CTOT are used to perform square-root capacity assignments

[KLEL64,KLEL76 ] for the static hierarchy. Use of square-root capacities insures that

the mean delay derived for the static hierarchy is optimal (under the requisite assump-

tion). Total capacity is chosen for each network and parameter set so that link utiliza-

tion levels lie in the same range as those of the corresponding network and parameter set

in the comparisons of the analytic and simulation models. The topologies and parameter

sets, including capacities, for the static networks are given in Appendix F.

Note that, in addition, these capacities are used to complete the definition of the

dynamic hierarchy parameter sets for this comparison.

7.2. Comparative Results

The numerical results of the comparisons are given in Table 7. Originally certain

dynamic hierarchies were expected to yield lower mean network delay than their counter-

part static hierarchies. The results show that this is not the case in the experiments on

which the comparisons are based. However, viewing percentage differences between

dynamic hierarchy and static hierarchy mean delay (the last column of Table 7) that are



- 76 -

less than one as essentially zero, performance of the dynamic and static networks is equal

in four cases I. In other words, these four cases represent dynamic hierarchies for which

performance (as measured by mean network delay) is as good as that of their static coun-

terparts. Further, in four additional experiments, mean delay in the dynamic hierarchy

falls within ten percent of mean delay in the comparable static hierarchy.

Note that the four cases in which performance of the dynamic and static hierarchies

is considered equal represent cases where, in addition, mean delay is lowest. The signifi-

cance of this observation remains as a possible subject of future investigation.

Table 7. Com • arison of D namic and Static Hierarch
parameter dynamic hierarchy (DH) static hierarchy (SH) percent DH delay

network set mean dela mean dela above SH dela
1 3 0.5033 0.42444 18.5798
2 3 0.3200 0.27793 15.1369
3 3 0.2826 0.26049 8.4878
4 3 0.1925 0.17251 11.5877
5 3 0.2506 0.20182 24.1701
6 (none) - · -
7 2 0.1851 0.18536 11/a
8 2 0.0185 0.01847 0.1624
8 3 0.1417 0.12927 9.6155
8 6 0.0680 0.05063 34.3077
9 2 0.0270 0.02681 0.7087
9 3 0.1655 0.13406 23.4522
9 4 0.1413 0.13406 5.4006
10 1 0.0111 0.01101 0.8174
10 2 0.0110 0.01101 0.0908
10 3 0.0607 0.05507 10.2234
10 4 0.0565 0.05507 2.5967

It is conjectured that for the networks and parameter sets considered, the dynamic

hierarchy does not yield lower mean network delay than the static hierarchy due to the

averaging of mean delay over all environment states. In general, conditional mean delay

1* Network 7, parameter set 2, in which the dynamic hierarchy exhibits slightly lower mean network
delay, is considered an anomalous case and does not affect the observations and conclusions.
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given the environment state exhibits the desired property of being lower under certain

environment states and configurations. However, in the remaining configurations, condi-

tional mean delay is higher. When the conditioning is removed, average performance

behaves as previously discussed.

The primary conclusion that can be drawn from this comparison is that situations

exist in which a dynamic hierarchy may be employed instead of a static hierarchy while

incurring little (less than ten percent) or no performance penalty. In these situations,

benefits of the dynamic hierarchy- flexibility, survivability, and other characteristics

that are achievable through distributed operation with global control- may be realized

together with performance equal or nearly equal to that of the conventional, static archi-

tecture.



CHAPTER 8

CONCLUSIONS AND FUTURE RESEARCH

In assessing the relative costs and benefits of the dynamic hierarchy, a new concept

in reconfigurable network architectures, an analytic, queueing model and a discrete event

simulation model are defined. The simulation model is used in a cross-validation effort to

establish the conditions under which the analytic model is valid. The analytic model is

used to derive estimates of performance, as measured by mean network delay, in the

dynamic hierarchy.

The dynamic hierarchy is modeled as a network of M/M/1 queues in a random

(Markov) environment, or RE-network. Introduction of an additional assumption, the

departure process assumption, enables the links in the network to be analyzed separately

as M/M/1 queues in a random environment, or RE-queues.

Two variants of the RE-queue are defined as applicable models of the individual

links. The first, which the analysis described herein employs, is referred to as the link

model with instantaneous reconfigurations and is appropriate both when the time to per-

form a network configuration change is negligible and as a performance baseline for the

second variant. The second is referred to as the link model with reconfiguration periods.

It represents a more realistic model in cases where a network configuration change takes a

nonnegligible amount of time.

The individual links are analyzed by applying results from the literature on RE-

queues for queue length probabilities and mean virtual waiting time. Mean virtual time

at a link (time in the queue plus service time) is used to approximate mean actual time at

a link. These results for the individual links then are combined to produce the desired

formula for mean network delay.
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Using a collection of dynamic hierarchy topologies with various sets of network

parameters, results are obtained from the analytic and simulation models. Then the two

sets of results are compared. An analytic value is considered accurate if it lies within the

corresponding, simulation generated confidence interval. On the basis of this comparison,

the following conclusions are drawn:

(I) The analytic results are accurate for larger and more complex networks due

to the effects of mixing (superposing) internal messages flow processes with

external message arrival processes.

(II) The analytic results are accurate under high levels of link utilization

(0.85 < pj < 1.0).

(III) The analytic results may become more accurate as the frequency of environ-

ment transitions increase.

(IV) In cases where the analytic results are marginally inaccurate or marginally

accurate, the departure process assumption leads to accurate analytic results

for mean queue length but the additional error induced by using mean vir-

tual time at a link to approximate mean (actual) time at a link causes inac-

curacy in the analytic results for mean link delay.

(V) The analytic results are inaccurate for simple networks, such as networks 1

to 7. For tandem networks, such as networks 1, 6, and 7, the inaccuracy

becomes more pronounced as the length (number of links from one end to the

other) increases.

(VI) The analytic values are inaccurate under low and medium levels levels of link

utilization (0.0 < p _, < 0.75).
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Further, the positive effect of higher network complexity offsets the negative effect of a

low utilization level and the positive effect of a high utilization level offsets the negative

effect of low network complexity in many cases.

These conclusions lead to the following characterization of the conditions under

which the analytic results (particularly mean network delay) are expected to be accurate:

The analytic results are accurate for multilevel networks of at least medium com-

plexity and under high levels of link utilization. Accuracy is maintained for simple

networks under sufficiently high link utilization levels and for sufficiently complex

networks under low and medium link utilization levels.

Last, performance of the dynamic hierarchy is compared with performance of the

static hierarchy. The test networks of interest are the previously discussed topologies and

parameter sets for which the analytic results are accurate. Comparable, static test net-

works are defined by fixing each dynamic topology in a single configuration and then

deriving comparable parameter sets. Link capacities are assigned according to the

square-root strategy. The comparison then is based on values of mean network delay

that are computed for each dynamic and static topology and parameter set.

The conclusion that is drawn from this comparison is that situations exist in which a

dynamic hierarchy may be employed while incurring little or no performance penalty

(with respect to performance of a static hierarchy). Therefore, the benefits of a dynamic

architecture- flexibility, survivability, and other characteristics—— may be realized in

these situations together with performance equal or nearly equal to that of a static hierar-

chy.

Dynamic hierarchies with point-to-point, logically variable topologies are the net-
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works of primary interest in the research discussed herein. The results and conclusions,

in addition, can be viewed as characterizing a performance baseline for dynamic hierar-

chies of other topological classes. In particular, dynamic hierarchies with topologies

based on a common transmission medium (for example, a bus), in which (logical) link

capacities may be considered variable, are expected to exhibit performance increases over

the dynamic hierarchies considered here.

Two directions seem useful and appropriate for future research. First, the research

performed thus far addresses mean performance only. This research illustrates a method

by which other characteristics of dynamic hierarchy performance, such as variance of net-

work delay, may be analyzed. Second, as noted in a previous section, the RE-network

model is expected to yield less accurate results when applied to dynamic hierarchies with

topological bases other than the point—to-point, logically variable type. Further use of the

RE-model to analyze network performance with additional capabilities for reconfiguration

(for example, reassigned link capacities) merits further investigation. The model is appli-

cable but interpretation of the results may be more difficult.
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APPENDDC A
NETWORK DATA FOR TRANSIENT PER.IOD LENGTH DETERMINATION

Configuration 2

Figure A.1. Network for Transient Period Determination

Pilot Runs 1 to 3
Number of configurations: 2
Number of nodes: 3

General traffic, constant pg;)
= p j for all links j.

Batch size: 250 messages.
Simulated time: 1200.0 seconds.

Environment process generator:

-2.0 2.0QE = 2.0 -2.0
Environment stationary probabilities:

I = [0.5, 0.5]
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Table A.1. Link Numbers and Ca • acities— Pilot Runs 1 to 3
source destination

link node node ca • acit
2 1000.0
3 1000.0
2 10()0.0
1 1000.0

Mean message length:
y“1

= 100.0 bits

Arrival rate matrices:

0.0 2.0 6.0
PU) = N2) = 4.0 0.0 3.0

4.0 2.0 0.0

SIMSCRIPT stream usage:
streaml: environment state
stream2: environment residence time
stream3: message interarrival time
stream4: message length

Table A.2 Stream Values— Pilot Runs 1 to 3
streaml stream2 stream3 stream4

3 4
7 8
5 6

Pilot Runs 4 to 6
Number of configurations: 2
Number of nodes: 3

General traffic, variable pg) for all links j.

Batch size: 250 messages
Simulated time: 1200.0 seconds.

Environment process generator:

-2.0 2.0
QE = 2.0 -2.0

Environment stationary probabilities:

I' = [0.5, 0.5]
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Table A.3. Link Numbers and Ca • acities— Pilot Runs 4 to 6
source destination

link node node ca • acit
1 2 1000.0
2 3 2000.0
3 2 2000.0
4 1 1000.0

Mean message length: u'1 = 100.0 bits

Arrival rate matrices:

0.0 3.0 8.0
N1) = 4.0 0.0 2.0

9.0 5.0 0.0

0.0 2.0 5.0
N2) = 2.0 0.0 1.0

5.0 3.0 0.0

SHVISCRIPT stream usage: Same as above.

Table A.4 Stream Values- Pilot Runs 4 to 6
streaml stream2 stream3 stream4

4 3 4
5 7 8
6 5 6
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APPENDIX B
NETWORK DATA FOR EXECUTION TRACE

Configuration 1

Figure B.1. Network for Execution Trace

Network Parameters
Number of configurations = 2
Number of nodes = 3

Environment process generator:

-0.25 0.25
QE = 0.25 -0.25

Environment stationary probabilities:

1f = [0.6, 0.6]

Table B.1. Link Numbers and Ca • acities— Execution Trace
source destination

link node node ca • acit
1 2 1 1000.0
2 1 3 1000.0
3 3 1 1000.0
4 1 2 1000.0

Mean message length = 500 bits
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Arrival rate matrices: (1,3- and 3,1-traffic only)
0.0 0.0 1.5

1‘(1)=1“<2) = 0.0 0.0 0.0
1.5 0.0 0.0
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Sample Trace Output

(Edited to remove uunecessary white space).

( 0. ) ENVACT: INIT STATE: 1 ( 2.57) MSG ARRV: LINK: 4 MSG D: 7
( 0. ) REG ACP: MSG D: 1 SRC: 1 DES'I‘: 3 ( 2.68) MSG ACT: REG D: 9 SRC: 3 DEST: 1
( 0. ) REG ACT: MSG D: 2 SRC: 3 DEST: 1 ( 2.68) MSG ARRV: NODE: 3 MSG D: 9
( 0. )MSG ARRV: NODE: 1 MSG D: 1 ( 2.68) MSG ARRV: LINK: 3 MSG D: 9
( 0. ) MSG ARRV: LINIC 1 REG D: 1 ( 2.74) SERV CORE: LINK: 2 MSG D: 5 START: 2.34
( 0. ) MSG ARRV: NODE: 3 MSG D: 2 ( 2.74) MSG ARRV: NODE: 3 MSG D: 5
( 0. ) MSG ARRV: LINK: 3 MSG D: 2 ( 2.74) NET DEP: DELAY: 1.93865 MSG D: 5
( .16) SERV CORE: LINIC 3 MSG D: 2 START: 0. ( 2.90) MSG A(7l‘: MSG D: 10 SRC: 1 DES'I‘: 3
( .16) MSG ARRV: NODE: 2 MSG D: 2 ( 2.90) MSG ARRV: NODE: 1 MSG D: 10
( .16) MSG ARRV: LINIC 4 MSG D: 2 (2.90) MSG ARRV: LINIC 1 MSG D: 10
( .53) MSG ACP: MSG D: 3 SRC: 1 DEST: 3 ( 2.91) SERV COMP: LINK: 1 MSG D: 10 START: 2.90
( .53) MSG ARRV: NODE: 1 MSG D: 3 ( 2.91) MSG ARRV: NODE: 2 MSG D: 10
( MSG ARRV: LINK: 1 MSG D: 3 (2.91) MSG ARRV: LINIC 2 MSG D: 10
( .56) MSG ACP: MSG D: 4 SRC: 3 DEST: 1 ( 3.25) MSG ACT: MSG D: 11 SRC: 3 DEST: 1
( .56) REG ARRV: NODE: 3 MSG D: 4 ( 3.25) MSG ARRV: NODE: 3 REG D: 11
( .56) MSG ARRV: LINK: 3 MSG D: 4 ( 3.25) MSG ARRV: LINK: 3 MSG D: 11
( .62) SERV CORE: LINK: 3 REG D: 4 START: .56 ( 3.31) SERV COMP: LINIC 4 MSG D: 7 S'I‘ART: 2.57
( .62) REG ARRV: NODE: 2 REG D: 4 ( 3.31) MSG ARRV: NODE: 1 MSG D: 7
( .62) MSG ARRV: LINK: 4 MSG D: 4 ( 3.31) NET DEP: DELAY: 1.74920 MSG D: 7
( .62) SERV COMP: LINIC 4 MSG D: 2 START: .16 ( 3.37) SERV CORE: LINIC 3 MSG D: 8 START: 2.57
( .62) MSG ARRV: NODE: 1 REG D: 2 ( 3.37) MSG ARRV: NODE: 2 MSG D: 8
( .62) NET DEP: DELAY: .62131 REG D: 2 ( 3.37) MSG ARRV: LINIC 4 MSG D: 8
( .81) MSG AC’I‘: MSG D: 5 SRC: 1 DEST: 3 (3.66) MSG ACT: MSG D: 12 SRC: 3 DEST: 1
( .81) MSG ARRV: NODE: 1 MSG D: 5 ( 3.66) MSG ARRV: NODE: 3 MSG D: 12
(.81) MSG ARRV: LINK: 1 MSG D: 5 (3.66) REG ARRV: LINIC 3 MSG D: 12
( .91) SERV CORE: LINIC 1 REG D: 1 START: 0. ( 3.82) SERV COMP: LINIC 4 MSG D: 8 START: 3.37
( .91) REG ARRV: NODE: 2 MSG D: 1 ( 3.82) MSG ARRV: NODE: 1 MSG D: 8
( .91) MSG ARRV: LINIC 2 MSG D: 1 ( 3.82) NET DEP: DELAY: 1.54949 MSG D: 8
( .98) SERV COMP: LINK: 4 REG D: 4 START: .62 ( 3.88) MSG AC'I‘: MSG D: 13 SRC: 1 DEST: 3
( .98) MSG ARRV: NODE: 1 MSG D: 4 ( 3.88) MSG ARRV: NODE: 1 MSG D: 13
( .98) NET DEP: DELAY: .42273 MSG D: 4 ( 3.88) MSG ARRV: LINK: 1 MSG D: 13
( 1.00) REG ACP: MSG D: 6 SRC: 3 DEST: 1 ( 3.95) SERV COMP: LINIC 1 MSG D: 13 START: 3.88
( 1.00) REG ARRV: NODE: 3 MSG D: 6 ( 3.95) REG ARRV: NODE: 2 MSG D: 13
( 1.00) MSG ARRV: LINIC 3 MSG D: 6 (3.95) REG ARRV: LINIC 2 MSG D: 13
( 1.06) SERV CORE: LINIC 3 REG D: 6 START: 1.00 ( 4.02) MSG ACT: MSG D: 14 SRC: 1 DES'I‘: 3
( 1.06) MSG ARRV: NODE: 2 MSG D: 6 ( 4.02) MSG ARRV: NODE: 1 MSG D: 14
(1.06) MSG ARRV:LIN1C 4 REG D: 6 (4.02) MSG ARRV: LINK: 1 MSG D: 14
( 1.17) SERV COMP: LINK: 4 MSG D: 6 START: 1.06 ( 4.36) SERV CORE: LINIC 2 MSG D: 10 START: 2.91
( 1.17) MSG ARRV: NODE: 1 MSG D: 6 ( 4.36) MSG ARRV: NODE: 3 MSG D: 10
( 1.17) NET DEP: DELAY: .17217 MSG D: 6 ( 4.36) NET DEP: DELAY: 1.45912 MSG D: 10
( 1.25) SERV COMP: LINIC 2 MSG D: 1 START: .91 ( 4.40) SERV COMP: LINIC 1 MSG D: 14 START: 4.02
( 1.25) REG ARRV: NODE: 3 MSG D: 1 ( 4.40) MSG ARRV: NODE: 2 REG D: 14
( 1.25) NET DEP: DELAY: 1.24846 MSG D: 1 ( 4.40) MSG ARRV: LINIC 2 MSG D: 14
( 1.52) SERV COMP: LINK: 1 REG D: 3 START: .91 ( 4.59) SERV COMP: LINK: 3 MSG D: 9 START: 3.37
( 1.52) MSG ARRV: NODE: 2 MSG D: 3 ( 4.59) MSG ARRV: NODE: 2 REG D: 9
( 1.52) REG ARRV: LMC 2 REG D: 3 ( 4.59) MSG ARRV: LINIC 4 MSG D: 9
( 1.56) MSG ACP: REG D: 7 SRC: 3 DEST: 1 ( 4.62) SERV CORE: LINIC 2 MSG D: 13 START: 4.36
( 1.56) MSG ARRV: NODE: 3 MS6 D: 7 ( 4.62) MSG ARRV: NODE: 3 MSG D: 13
( 1.56) REG ARRV: LINK: 3 MSG D: 7 ( 4.62) NET DEP: DELAY: .73519 MSG D: 13
( 1.96) SERV COMP: LINK: 1 MSG D: 5 START: 1.52 ( 4.76) MSG AC’I‘: MSG D: I5 SRC: 1 DEST: 3
( 1.96) REG ARRV: NODE: 2 MSG D: 5 ( 4.76) MSG ARRV: NODE: 1 REG D: 15
( 1.96) MSG ARRV: LINK: 2 MSG D: 5 ( 4.76) MSG ARRV: LINK: 1 MSG D: 15
( 2.27) MSG ACT: MSG D: 8 SRC: 3 DEST: 1 ( 4.79) SERV COMP: LMC 2 MSG D: 14 S'I‘ART: 4.62
( 2.27) MSG ARRV: NODE: 3 MSG D: 8 ( 4.79) MSG ARRV: NODE: 3 MSG D: 14
( 2.27) MSG ARRV: LINK: 3 MSG D: 8 ( 4.79) NET DEP: DELAY: .77213 MSG D: 14
( 2.34) SERV COMP: LINIC 2 REG D: 3 START: 1.52 ( 5.01) SERV CORE: LINK: 4 MSG D: 9 START: 4.59
( 2.34) MSG ARRV: NODE: 3 MSG D: 3 ( 5.01) MSG ARRV: NODE: 1 MSG D: 9
( 2.34) NET DEP: DELAY: 1.80793 REG D: 3 ( 5.01) NET DEP: DELAY: 2.32609 MSG D: 9
( 2.57) SERV COMP: LINIC 3 MSG D: 7 S'I‘ART: 1.56 ( 5.40) MSG ACP: MSG D: 16 SRC: 3 DEST: 1
( 257) MSG ^RRV‘ N°DE‘ 2 MSG 22 7 ( 6.40) mso ARRV: No1>E; 6 mso mz 16



APPENDIX C
NETWORK DATA FOR STRESS TESTING

Configuration

1Configuration 2

Figure C.1. Network for Stress Testing

Number of configurations = 2.
Number of nodes = 3.

General traffic, variable pg) for all links j.

(Number of messages in transient period = 30000. Batch size = 30000 messages.
Number of Batches = 25).

Environment process generator:

-2.0 2.0QE = 2.0 -2.0
Environment stationary probabilities:

I = [0.5, 0.5]

Table C.1. Link Numbers and Ca • a.cities—- Stress Test
source destination

link node node ca • acit
1 1000.0
2 20()0.0
3 2000.0
4 1000.0

Mean message length: ;1'°l = 100.0 bits
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Parameter Set 1 (p4 = 0.9) Traffic Matrices

0.0 4.1538 11.0768
Fm = 5.5384 0.0 2.7692

12.4614 6.923 0.0

0.0 2.7692 6.923
Fm = 2.7692 0.0 1.3846

6.923 4.1538 0.0

Parameter Set 2 (p4 = 0.95) Traffic Matrices

0.0 4.3845 11.6920
PU) = 5.8460 0.0 2.923

13.1535 7.3075 0.0

0.0 2.923 7.3075
Fm = 2.923 0.0 1.4615

7.3075 4.3845 0.0

Parameter Set 3 (p4 = 0.99) Traffic Matrices

0.0 4.6593 12.1848
1**) = 6.0924 0.0 3.0462

13.7079 7.6155 0.0

0.0 3.0462 7.6155
1*2) = 3.0462 0.0 1.5231

7.6155 4.5693 0.0

Parameter Set 4 (p4 = 0.995) Traffic Matrices

0.0 4.5924 12.2464
FU) = 6.1232 0.0 3.0616

13.7772 7.654 0.0
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0.0 3.0616 7.654
1*2) = 3.0616 0.0 1.5308

7.654 4.5924 0.0

Parameter Set 5 (p4 = 0.999) Traffic Matrices

0.0 4.6107 12.2952
Fm = 6.1476 0.0 3.0738

13.8321 7.6845 0.0

0.0 3.0738 7.6845
Fm = 3.0738 0.0 1.5369

7.6845 4.6107 0.0



APPENDIX D
NETWORK TOPOLOGIES AND PARAMETER SETS FOR ANALYTIC AND

SHVIULATION MODEL COMPARISON

D.1. Network 1

Configuration 2
Configuration 1

Configuration 3

Figure D.1. Dynamic Hierarchy 1 Topology

Network 1, Parameter Set 1

Number of nodes: 3
Number of configuratious: 3

Environment process generator:

-16.0 9.0 7.0
QE = 9.0 -10.0 1.0

10.0 1.0 -11.0
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Environment stationary probabilities:

11* = [0.3707, 0.3605, 0.2687]

Table D.1. Link Numbers and Ca acities— Network 1 Parameter Set 1
source destination

link node node ca • acit
1 2 1302.39001
2 1 2793.03760
3 3 1302.39001
4 2 2793.03760

Mean message length: }1'1 = 100.0 bits

Arrival rate matrices:
0.0 0.0 16.0

1**) = 0.0 0.0 0.0
11.0 0.0 0.0

0.0 0.0 15.0
1*2) = 0.0 0.0 0.0

4.0 0.0 0.0

0.0 0.0 4.0
1*3) = 0.0 0.0 0.0

1.0 0.0 0.0

Network 1, Parameter set 2

Number of nodes: 3
Number of configurations: 3

Environment process generator:

-16.0 9.0 7.0
QE = 9.0 -10.0 1.0

10.0 1.0 -11.0

Environment stationary probabilities:

1 = [0.3707, 0.3605, 0.2687]
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Table D.2. Link Numbers and Ca • acities— Network 1 Parameter Set 2
source destination

link node node ca • acit
1 1 1302.39001
2 2 2793.03760
3 2 1302.39001
4 3 2793.03760

Mean message length: p'1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 8.0
1**) = 0.0 0.0 0.0

5.50 0.0 0.0

0.0 0.0 7.50
1*2) = 0.0 0.0 0.0

2.0 0.0 0.0

0.0 0.0 2.0
1*2) = 0.0 0.0 0.0

0.50 0.0 0.0

Network 1, Parameter Set 3

Number of nodes: 3
Number of configurations: 3

Environment process generator:

-16.0 9.0 7.0
QE- = 9.0 -10.0 1.0

10.0 1.0 -11.0

Environment stationary probabilities:

1r = [0.3707, 0.3605, 0.2687]
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Table D.3. Link Numbers and Ca • acities— Network 1 Parameter Set 3
source destination

link node node ca • mit
1 1 1302.39001
2 2 2793.03760
3 2 1302.39001
4 3 2793.03760

Mean message length: ;f'1 = 100.0 bits

Arrival rate matriccs:
0.0 0.0 32.0

1**): 0.0 0.0 0.0
22.0 0.0 0.0

0.0 0.0 30.0
1*2): 0.0 0.0 0.0

8.0 0.0 0.0

0.0 0.0 8.0
1*2): 0.0 0.0 0.0

2.0 0.0 0.0
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D.2. Network 2

0 0

0 0

0 0 0 0
Configuration 1 Configuration 2

. 0

0 0 0
Configuration 3

Figure D.2. Dynamic Hierarchy 2 Topology

Network 2, Parameter Set 1

Number of nodes: 4
Number of configurations: 3

EI1ViI'Ol1l’I1€I1i} PIOCCSS generator:

-15.0 9.0 6.0

4.0 8.0 -12.0
Environment stationary probabilities:

1* = [0.1039, 0.6753, 0.2208]
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Table D.4. Link Numbers and Ca • acities— Network 2 Parameter Set 1
source destination

link node node ca • acit
1 2 5996.02490
2 1 3208.47754
3 3 3097.35010
4 2 1814.60254
5 4 2898.67505
6 2 1393.8750

Mean message length: ;¢'1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 15.0 6.0
0.0 0.0 0.0 0.0p(1) = 5.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0

0.0 0.0 8.0 4.0

Fm: 0.0 0.0 0.0 0.0
17.0 0.0 0.0 0.0
15.0 0.0 0.0 0.0

0.0 0.0 5.0 13.0
0.0 0.0 0.0 0.0p(3) = 8.0 0.0 0.0 0.0
12.0 0.0 0.0 0.0

Network 2, Parameter Set 2

Number of nodes: 4
Number of configurations: 3 .

Environment process generator:

-15.0 9.0 6.0

4.0 8.0 -12.0
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Environment stationary probabilities:

1r = [0.1039, 0.6753, 0.2208]

Table D.5. Link Numbers and Ca • acities— Network 2 Parameter Set 2
source destination

link node node ca • acit
1 1 5996.02490
2 2 3208.47754
3 2 3097.35010
4 3 1814.60254
5 2 2898.67505
6 4 1393.8750

Mean message length: p'l = 100.0 bits

Arrival rate matrices:

0.0 0.0 7.50 3.0
0.0 0.0 0.0 0.01*0):
2.50 0.0 0.0 0.0
0.50 0.0 0.0 0.0

0.0 0.0 4.0 2.0
0.0 0.0 0.0 0.0r(2) = 8.50 0.0 0.0 0.0
7.50 0.0 0.0 0.0

0.0 0.0 2.50 6.50
0.0 0.0 0.0 0.0[·(3) = 4.0 0.0 0.0 0.0
6.0 0.0 0.0 0.0

Network 2, Parameter Set 3

Number of nodes: 4
Number of configurations: 3
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Environment process generator:

-15.0 9.0 6.0

4.0 8.0 -12.0

Environment stationary probabilities:

1 = [0.1039, 0.6753, 0.2208]

Table D.6. Link Numbers and Ca • acities— Network 2 Parameter Set 3
source destination

link node node ca • acit
1 2 5996.02490
2 1 3208.47754
3 3 3097.35010
4 2 1814.60254
5 4 2898.67505
6 2 1393.8750

Mean message length:
p°‘

= 100.0 bits

Arrival rate matrices:

0.0 0.0 30.0 12.0
0.0 0.0 0.0 0.01*0) = 10.0 0.0 0.0 0.0
2.0 0.0 0.0 0.0

0.0 0.0 16.0 8.0
0.0 0.0 0.0 0.0}‘(2)

= 34.0 0.0 0.0 0.0
30.0 0.0 0.0 0.0

0.0 0.0 10.0 26.0
0.0 0.0 0.0 0.0p(3) = 16.0 0.0 0.0 0.0
24.0 0.0 0.0 0.0
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D.3. Network 3

0 0

0 0

0 0 0 0 0 0
Configuration 1 Configuration 2

0

0 0 0 0
Configuration 3

Figure D.3. Dynamic Hierarchy 3 Topology

Network 3, Parameter Set 1

Number of nodes: 5
Number of configurations: 3

EI1V1I'OI1lIl€I1i5 PFOCCSS g6I1€I‘3„Ü0l’Z

-3.0 2.0 1.0
QE = 3.0 -12.0 9.0

9.0 9.0 -18.0

Environment stationary probabilities:

1 = [0.6429, 0.2143, 0.1429]
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Table D.7. Link Numbers and Ca • acities— Network 3 Parameter Set 1
source destination

link node node ca • acit
1 2 1 7490.04736
2 1 2 5127.29980
3 3 2 2700.24756
4 2 3 1671.56995
5 4 2 2330.59497
6 2 4 884.09253
7 5 2 2496.20508
8 2 5 2571.63745

Mean message length: p'1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 9.0 1.0 11.0
0.0 0.0 0.0 0.0 0.0

1‘<1>= 11.0 0.0 0.0 0.0 0.0
11.0 0.0 0.0 0.0 0.0
9.0 0.0 0.0 0.0 0.0

0.0 0.0 5.0 6.0 17.0
0.0 0.0 0.0 0.0 0.0

1“<2)= 17.0 0.0 0.0 0.0 0.0
8.0 0.0 0.0 0.0 0.0
14.0 0.0 0.0 0.0 0.0

0.0 0.0 4.0 14.0 5.0
0.0 0.0 0.0 0.0 0.0

N3): 0.0 0.0 0.0 0.0 0.0
11.0 0.0 0.0 0.0 0.0
15.0 0.0 0.0 0.0 0.0

Network 3, Parameter Set 2

Number of nodes: 5
Number of configurations: 3
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Environment process generator:

-3.0 2.0 1.0
QE = 3.0 -12.0 9.0

9.0 9.0 -18.0

Environment stationary probabilities:

r = [0.6429, 0.2143, 0.1429]

Table D.8. Link Numbers and Ca • acities— Network 3 Parameter Set 2
source destination

link node node •
1 2 1 7490.04736
2 1 2 5127.29980
3 3 2 2700.24756
4 2 3 1671.56995
5 4 2 2330.59497
6 2 4 884.09253
7 5 2 2496.20508
8 2 5 2571.63745

Mean message length: ;1°1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 4.50 0.50 5.50
0.0 0.0 0.0 0.0 0.0

rm = 6.60 0.0 0.0 0.0 0.0
5.50 0.0 0.0 0.0 0.0
4.50 0.0 0.0 0.0 0.0

0.0 0.0 2.50 3.0 8.50
0.0 0.0 0.0 0.0 0.0

Fm = 8.50 0.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0
7.0 0.0 0.0 0.0 0.0
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0.0 0.0 2.0 7.0 2.50
0.0 0.0 0.0 0.0 0.01‘(3)= 4.50 0.0 0.0 0.0 0.0 ·
5.50 0.0 0.0 0.0 0.0
7.50 0.0 0.0 0.0 0.0

Network 3, Parameter Set 3

Number of nodes: 5
Number of configurations: 3

Environment process generator:

-3.0 2.0 1.0
QE= 3.0 -12.0 9.0

9.0 9.0 -18.0

Environment stationary probabilities:

I = [0.6429, 0.2143, 0.1429]

Table D.9. Link Numbers and Ca • acities—— Network 3 Parameter Set 3
source destination

link node node •
1 2 1 7490.04736
2 1 2 5127.29980
3 3 2 2700.24756
4 2 3 1671.56995
5 4 2 2330.59497
6 2 4 884.09253
7 5 2 2496.20508
8 2 5 2571.63745

Mean message length: [L-1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 18.0 2.0 22.0
0.0 0.0 0.0 0.0 0.0

Fm: 22.0 0.0 0.0 0.0 0.0
22.0 0.0 0.0 0.0 0.0
18.0 0.0 0.0 0.0 0.0
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0.0 0.0 10.0 12.0 34.0
0.0 0.0 0.0 0.0 0.0

I“(2)= 34.0 0.0 0.0 0.0 0.0
16.0 0.0 0.0 0.0 0.0
28.0 0.0 0.0 0.0 0.0

0.0 0.0 8.0 28.0 10.0
0.0 0.0 0.0 0.0 0.01‘(3>= 18.0 0.0 0.0 0.0 0.0
22.0 0.0 0.0 0.0 0.0
30.0 0.0 0.0 0.0 0.0
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D.4. Network 4

0 0

0 0

0 0 0 0 0 0 0 0
Configuration 1 Configuration 2

0

0 0 0 0 0
Configuration 3

Figure D.4. Dynamic Hierarchy 4 Topology

Network 4, Parameter Set 1

Number of nodes: 6
Number of configurations: 3

EI1ViI'OI1H1€I1i7 PIOCCSS g€I1€l°3„ÜOI‘Z

-5.0 4.0 1.0
QE = 5.0 -12.0 7.0

3.0 4.0 -7.0
Environment stationary probabilities:

1r = [0.4375, 0.250, 0.3125]
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Table D.10. Link Numbers and Ca acities— Network 4 Parameter Set 1
source destination

link node node ca • acit1 1 9871.8750
2 2 13359.3750
3 2 2742.18750
4 3 2868.750
5 2 1673.43750
6 4 3037.50
7 2 3037.50
8 5 3656.250
9 2 2418.750
10 6 3796.8750

Mean message length: lfl = 100.0 bits

Arrival rate matrices:
0.0 0.0 15.0 17.0 18.0 19.0
0.0 0.0 0.0 0.0 0.0 0.0

Fm =
11.0 0.0 0.0 0.0 0.0 0.0
6.0 0.0 0.0 0.0 0.0 0.0
14.0 0.0 0.0 0.0 0.0 0.0
12.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 16.0 8.0 11.0 18.0
0.0 0.0 0.0 0.0 0.0 0.0

Fm- 12.0 0.0 0.0 0.0 0.0 0.0—
18.0 0.0 0.0 0.0 0.0 0.0
7.0 0.0 0.0 0.0 0.0 0.0
17.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 7.0 13.0 18.0 13.0
0.0 0.0 0.0 0.0 0.0 0.0

I_(3)— 14.0 0.0 0.0 0.0 0.0 0.0”
1.0 0.0 0.0 0.0 0.0 0.0
18.0 0.0 0.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0 0.0
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Network 4, Parameter Set 2

Number of nodes: 6
Number of configurations: 3

Environment process generator:

-5.0 4.0 1.0
QE = 5.0 -12.0 7.0

3.0 4.0 -7.0
Environment stationary probabilities:

t = [0.4375, 0.250, 0.3125]

Table D.11. Link Numbers and Ca • acities—— Network 4 Parameter Set 2
source destination

link node node •
1 2 9871.8750
2 1 13359.3750
3 3 2742.18750
4 2 2868.750
5 4 1673.43750
6 2 3037.50
7 5 3037.50
8 2 3656.250
9 6 2418.750
10 2 3796.8750

Mean message length:
p’1

= 100.0 bits

Arrival rate matrices:
0.0 0.0 7.50 8.50 9.0 9.50
0.0 0.0 0.0 0.0 0.0 0.0

Fm _ 5.50 0.0 0.0 0.0 0.0 0.0—
3.0 0.0 0.0 0.0 0.0 0.0
7.0 0.0 0.0 0.0 0.0 0.0
6.0 0.0 0.0 0.0 0.0 0.0
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0.0 0.0 8.0 4.0 5.50 9.0
0.0 0.0 0.0 0.0 0.0 0.0

Fm _ 6.0 0.0 0.0 0.0 0.0 0.0_
9.0 0.0 0.0 0.0 0.0 0.0

3.50 0.0 0.0 0.0 0.0 0.0
8.50 0.0 0.0 0.0 0.0 0.0

0.0 0.0 3.50 6.50 9.0 6.50
0.0 0.0 0.0 0.0 0.0 0.0

N3) _ 7.0 0.0 0.0 0.0 0.0 0.0—
0.50 0.0 0.0 0.0 0.0 0.0

„ 9.0 0.0 0.0 0.0 0.0 0.0
2.0 0.0 0.0 0.0 0.0 0.0

Network 4, Parameter Set 3

Number of nodes: 6
Number of configurations: 3

Environment process generator:

-5.0 4.0 1.0
QE = 5.0 -12.0 7.0

3.0 4.0 -7.0

Environment stationary probabilities:

1r = [0.4375, 0.250, 0.3125]

Table D.12. Link Numbers and Ca • acities— Network 4 Parameter Set 3
source destination

link node node •

1 1 9871.8750
2 2 13359.3750
3 2 2742.18750
4 3 2868.750
5 2 1673.43750
6 4 3037.50
7 2 3037.50
8 5 3656.250
9 2 2418.750
10 6 3796.8750
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Mean message length: }f1 = 100.0 bits

Arrival rate matrices:
0.0 0.0 30.0 34.0 36.0 38.0
0.0 0.0 0.0 0.0 0.0 0.0

Pu) 22.0 0.0 0.0 0.0 0.0 0.0_
12.0 0.0 0.0 0.0 0.0 0.0
28.0 0.0 0.0 0.0 0.0 0.0
24.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 32.0 16.0 22.0 36.0
0.0 0.0 0.0 0.0 0.0 0.0

Fm _ 24.0 0.0 0.0 0.0 0.0 0.0_
36.0 0.0 0.0 0.0 0.0 0.0
14.0 0.0 0.0 0.0 0.0 0.0
34.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 14.0 26.0 36.0 26.0
0.0 0.0 0.0 0.0 0.0 0.0

Fm 28.0 0.0 0.0 0.0 0.0 0.0
= 2.0 0.0 0.0 0.0 0.0 0.0

36.0 0.0 0.0 0.0 0.0 0.0
8.0 0.0 0.0 0.0 0.0 0.0
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D.5. Network 5

0 0

0 0

0 0 0 0 0 0 0 0 0 0
Configuration 1 Configuration 2

0

0 0 0 0 0 0
Configuration 3

Figure D.5. Dynamic Hierarchy 5 Topology

Network 5, Parameter Set 1

Number of nodcs: 7
Number of configurations: 3

EIlViI'Ol’1II1€IlÜ pl'OC€SS gCI1€l'8„iGOI‘Z

-14.0 8.0 6.0

9.0 2.0 -11.0
Environment stationary probabilities:

1r = [0.2589, 0.5076, 0.2335]
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Table D.l3. Link Numbers and Ca acities— Network 5 Parameter Set 1
source destination

link node node ca • acit
1 2 1 10080.42676
2 1 2 12738.1953l
3 3 2 3225.39746
4 2 3 3067.71753
5 4 2 1075.90503
6 2 4 2305.91260
7 5 2 2540.04761
8 2 5 2284.31250
9 6 2 2274.00757
10 2 6 1986.20996
11 7 2 965.09253
12 2 7 3094.04248

Mean message length: p'l = 100.0 bits

Arrival rate matrices:

0.0 0.0 4.0 1.0 18.0 18.0 15.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
18.0 0.0 0.0 0.0 0.0 0.0 0.0

1*0): 4.0 0.0 0.0 0.0 0.0 0.0 0.0
2.0 0.0 0.0 0.0 0.0 0.0 0.0
13.0 0.0 0.0 0.0 0.0 0.0 0.0
3.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 17.0 16.0 3.0 1.0 13.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
14.0 0.0 0.0 0.0 0.0 0.0 0.0

l”(2)= 6.0 0.0 0.0 0.0 0.0 0.0 0.0
18.0 0.0 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 0.0 0.0 0.0 0.0 0.0 0.0
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0.0 0.0 17.0 8.0 17.0 19.0 14.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
11.0 0.0 0.0 0.0 0.0 0.0 0.01*3) = 3.0 0.0 0.0 0.0 0.0 0.0 0.0
7.0 0.0 0.0 0.0 0.0 0.0 0.0
18.0 0.0 0.0 0.0 0.0 0.0 0.0
2.0 0.0 0.0 0.0 0.0 0.0 0.0

Network 5, Parameter Set 2

Number of nodes: 7
Number of configurations: 3

Environment process generator:

-14.0 8.0 6.0

9.0 2.0 -11.0

Environment stationary probabilities:

r = [0.2589, 0.5076, 0.2335]

Table D.14. Link Numbers and Ca • acities— Network 5 Parameter Set 2
source destination

link node node ca • acit
1 2 1 10080.42676
2 1 2 12738.1953l
3 3 2 3225.39746
4 2 3 3067.71753
5 4 2 1075.90503
6 2 4 2305.91260
7 5 2 2540.04761
8 2 5 2284.31250
9 6 2 2274.00757
10 2 6 1986.20996
11 7 2 965.09253
12 2 7 3094.04248

Mean message length: 11-1 = 100.0 bits
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Arrival rate matrices:

0.0 0.0 2.0 0.50 9.0 7.50 7.50
0.0 0.0 0.0 0.0 0.0 0.0 0.0
9.0 0.0 0.0 0.0 0.0 0.0 0.0

l‘(l)= 2.0 0.0 0.0 0.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0 0.0 0.0 0.0

6.50 0.0 0.0 0.0 0.0 0.0 0.0
1.50 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 8.50 8.0 1.50 0.50 6.50
0.0 0.0 0.0 0.0 0.0 0.0 0.0
7.0 0.0 0.0 0.0 0.0 0.0 0.0

I‘(2)= 3.0 0.0 0.0 0.0 0.0 0.0 0.0
9.0 0.0 0.0 0.0 0.0 0.0 0.0
2.50 0.0 0.0 0.0 0.0 0.0 0.0
3.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 8.50 4.0 8.50 9.50 7.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
5.50 0.0 0.0 0.0 0.0 0.0 0.0I‘(3)=
1.50 0.0 0.0 0.0 0.0 0.0 0.0
3.50 0.0 0.0 0.0 0.0 0.0 0.0
9.0 0.0 0.0 0.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0 0.0 0.0 0.0

Network 5, Parameter Set 3

Number of nodes: 7
Number of configurations: 3

Environment process generator:

-14.0 8.0 6.0
QE= 3.0 -5.0 2.0

9.0 2.0 -11.0
Environment stationary probabilities:

1 = [0.2589, 0.5076, 0.2335]
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Table D.15. Link Numbers and Ca • acities— Network 5 Parameter Set 3
source destination

link node node ca • acit
1 2 1 10080.42676
2 1 2 12738.1953l
3 3 2 3225.39746
4 2 3 3067.71753
5 4 2 1075.90503
6 2 4 2305.91260
7 5 2 2540.04761
8 2 5 2284.31250
9 6 2 2274.00757
10 2 6 1986.20996
11 7 2 965.09253
12 2 7 3094.04248

Mean message length:
p“1

= 100.0 bits

Arrival rate matrices:

0.0 0.0 8.0 2.0 36.0 30.0 30.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
36.0 0.0 0.0 0.0 0.0 0.0 0.0

l“(1)= 8.0 0.0 0.0 0.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0 0.0 0.0
26.0 0.0 0.0 0.0 0.0 0.0 0.0
6.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 34.0 32.0 6.0 2.0 26.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
28.0 0.0 0.0 0.0 0.0 0.0 0.0

Fm = 12.0 0.0 0.0 0.0 0.0 0.0 0.0
36.0 0.0 0.0 0.0 0.0 0.0 0.0
10.0 0.0 0.0 0.0 0.0 0.0 0.0
12.0 0.0 0.0 0.0 0.0 0.0 0.0
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0.0 0.0 34.0 16.0 34.0 38.0 28.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
22.0 0.0 0.0 0.0 0.0 0.0 0.0

l“(3)= 6.0 0.0 0.0 0.0 0.0 0.0 0.0
14.0 0.0 0.0 0.0 0.0 0.0 0.0
36.0 0.0 0.0 0.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0 0.0 0.0
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D.6. Network 6

0
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0
0 0

0
0
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Configuration 2

Configuration 1

0
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0
Configuration 3

Figure D.6. Dynamic Hierarchy 6 Topology

Network 6, Parameter Set 1

Number of nodes: 4
Number of configurations: 3

EI1ViI'OIlII1CIlt PIOCCSS g8I16I‘3„t0I°Z

-7.0 2.0 6.0
QE = 6.0 -16.0 10.0

7.0 9.0 -16.0
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Environment stationary probabilities:

1r = [0.4840, 0.2245, 0.2915]

Table D.16. Link Numbers and Ca acities— Network 6 Parameter Set 1
source destination

link node node ca • acit
1 1 2179.91260
2 2 3600.67505
3 2 2179.91260
4 3 3600.67505
5 3 2179.91260
6 4 3600.67505

Mean message length: u'l = 100.0 bits

Arrival rate matrices:

0.0 0.0 0.0 18.0
0.0 0.0 0.0 0.0FU):
0.0 0.0 0.0 0.0
10.0 0.0 0.0 0.0

0.0 0.0 0.0 13.0
0.0 0.0 0.0 0.0}*(2) = 0.0 0.0 0.0 0.0
19.0 0.0 0.0 0.0

0.0 0.0 0.0 15.0
0.0 0.0 0.0 0.0}“(3)

= 0.0 0.0 0.0 0.0
2.0 0.0 0.0 0.0

Network 6, Parameter Set 2

Number of nodes: 4
Number of configurations: 3
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Environment process generator:

-7.0 2.0 5.0
QE= 6.0 -16.0 10.0

7.0 9.0 -16.0

Environment stationary probabilities:

r = [0.4840, 0.2245, 0.2915]

Table D.17. Link Numbers and Ca acities— Network 6 Parameter Set 2
source destination

link node node ca • acit
2179.91260
3600.67505
2179.91260
3600.67505
2179.91260
3600.67505

Mean message length: [F1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 0.0 9.0
0.0 0.0 0.0 0.0[*0) = 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.0

0.0 0.0 0.0 6.50
0.0 0.0 0.0 0.0[(2) = 0.0 0.0 0.0 0.0
9.50 0.0 0.0 0.0

0.0 0.0 0.0 7.50
0.0 0.0 0.0 0.0[*(3) = 0.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0

Network 6, Parameter Set 3
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Number of nodes: 4
Number of configurations: 3

Environment process generator:

-7.0 2.0 5.0
QE = 6.0 -16.0 10.0

7.0 9.0 -16.0

Environment stationary probabilities:

1* = [0.4840, 0.2245, 0.2915]

Table D.18. Link Numbers and Ca • acities—- Network 6 Parameter Set 3
source destination

link node node ca. • acit
1 1 2179.91260
2 2 3600.67505
3 2 2179.91260
4 3 3600.67505
5 3 2179.91260
6 4 3600.67505

Mean message length: p"! = 100.0 bits

Arrival rate matrices:

0.0 0.0 0.0 36.0
0.0 0.0 0.0 0.0FU) = 0.0 0.0 0.0 0.0
20.0 0.0 0.0 0.0

0.0 0.0 0.0 26.0
0.0 0.0 0.0 0.0p(2) = 0.0 0.0 0.0 0.0
38.0 0.0 0.0 0.0

0.0 0.0 0.0 30.0
0.0 0.0 0.0 0.0p(3) = 0.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0
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D.7. Network 7

0
0

0
0 0

0
0

0
0

Configuration 2

Configuration 1

0

0 0

0 0
Configuration 3

Figure D.7. Dynamic Hierarchy 7 Topology

Network 7, Parameter Set 1

Number of nodes: 5
Number of configurations: 3
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Environment process generator:

-12.0 2.0 10.0

1.0 4.0 -5.0

Environment stationary probabilities:

1* = [0.1701, 0.3409, 0.5244]

Table D.19. Link Numbers and Ca acities— Network 7 Parameter Set 1
source destination

link node node ca • acit
1 1 3466.03491
2 2 966.64502
3 2 3466.03491
4 3 966.64502
5 3 3466.03491
6 4 966.64502
7 4 3466.03491
8 5 966.64502

Mean message length: }1"1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 0.0 0.0 12.0
0.0 0.0 0.0 0.0 0.0

PU) = 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 2.0
0.0 0.0 0.0 0.0 0.0

1*2): 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
17.0 0.0 0.0 0.0 0.0
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0.0 0.0 0.0 0.0 3.0
0.0 0.0 0.0 0.0 0.0

1*3): 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
18.0 0.0 0.0 0.0 0.0

Network 7, Parameter Set 2

Number of nodes: 5
Number of configurations: 3

Environment process generator:

-12.0 2.0 10.0
QE = 5.0 *8.0 3.0

1.0 4.0 -5.0
Environment stationary probabilities:

er = [0.1701, 0.3409, 0.5244]

Table D.20. Link Numbers and Ca • acities— Network 7 Parameter Set 2
source destination

link node node •
1 1 3466.03491
2 2 966.64502
3 2 3466.03491
4 3 966.64502
5 3 3466.03491
6 4 966.64502
7 4 3466.03491
8 5 966.64502

Mean message length: p'1 = 100.0 bits

Arrival rate matrices:

0.0 0.0 0.0 0.0 6.0
0.0 0.0 0.0 0.0 0.0

Fm = 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.50 0.0 0.0 0.0 0.0
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0.0 0.0 0.0 0.0 1.0
0.0 0.0 0.0 0.0 0.0

1*2): 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
8.50 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 1.50
0.0 0.0 0.0 0.0 0.0

1*3) = 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
9.0 0.0 0.0 0.0 0.0

Network 7, Parameter Set 3

Number of nodes: 5
Number of configurations: 3

Environment process generator:

-12.0 2.0 10.0
QE: 5.0 **8.0 3.0

1.0 4.0 -5.0

Environment stationary probabilities:

1r = [0.1701, 0.3409, 0.5244]

Table D.21. Link Numbers and Ca • acities— Network 7 Parameter Set 3
source destination

link node node ca • acit
1 1 3466.03491
2 2 966.64502
3 2 3466.03491
4 3 966.64502
5 3 3466.03491
6 4 966.64502
7 4 3466.03491
8 5 966.64502

Mean message length: ;1'l = 100.0 bits
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Arrival rate matrices:

0.0 0.0 0.0 0.0 24.0
0.0 0.0 0.0 0.0 0.0

PU): 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
2.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 4.0
0.0 0.0 0.0 0.0 0.0

l”(2)= 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
34.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 6.0
0.0 0.0 0.0 0.0 0.0

I‘(3)= 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
36.0 0.0 0.0 0.0 0.0
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D.8. Network 8

0
0

0 0 0

0 0 0
0 0

0 0 0
0 Configuration 2

Configuration 1

Figure D.8. Dynamic Hierarchy 8 Topology

Network 8, Parameter Set 1

Number of nodes: 7
Number of configurations: 2

Environment process generator:

-4.0 4.0QE = 6.0 -6.0
Environment stationary probabilities:

T = [0.60, 0.40]
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Table D.22. Link Numbers and Ca • acities— Network 8 Parameter Set 1
source destination

link node node ca • acit
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: it"]
= 100.0 bits

Arrival rate matrices:

0.0 15.0 18.0 14.0 10.0 11.0 7.0
12.0 0.0 10.0 8.0 6.0 6.0 5.0
16.0 11.0 0.0 13.0 8.0 5.0 6.01*9) = 17.0 11.0 10.0 0.0 3.0 7.0 4.0
12.0 8.0 9.0 8.0 0.0 4.0 9.0
9.0 7.0 9.0 7.0 3.0 0.0 2.0
10.0 4.0 10.0 5.0 8.0 4.0 0.0

0.0 10.0 14.0 9.0 6.0 7.0 4.0
8.0 0.0 11.0 5.0 5.0 6.0 7.0
20.0 8.0 0.0 7.0 19.0 16.0 10.01*9) = 12.0 10.0 13.0 0.0 0.0 3.0 6.0
8.0 7.0 12.0 6.0 0.0 7.0 9.0
9.0 4.0 17.0 2.0 8.0 0.0 4.0
6.0 3.0 9.0 4.0 12.0 8.0 0.0

Network 8, Parameter Set 2

Number of nodes: 7
Number of configurations: 2
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Environment process generator:

-4.0 4.0
QE = 6.0 -6.0

Environment stationary probabilities:

1* = [0.60, 0.40]

Table D.23. Link Numbers and Ca • acities—— Network 8 Parameter Set 2
source destination

link node node •
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: if! = 100.0 bits

Arrival rate matrices:

0.0 7.50 9.0 7.0 5.0 5.50 3.50
6.0 0.0 5.0 4.0 3.0 3.0 2.50
8.0 5.50 0.0 6.50 4.0 2.50 3.0

Fu) = 8.50 5.50 5.0 0.0 1.50 3.50 2.0
6.0 4.0 4.50 4.0 0.0 2.0 4.50

4.50 3.50 4.50 3.50 1.50 0.0 1.0
5.0 2.0 5.0 2.50 4.0 2.0 0.0
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0.0 5.0 7.0 4.50 3.0 3.50 2.0
4.0 0.0 5.50 2.50 2.50 3.0 3.50

— 10.0 4.0 0.0 3.50 9.50 8.0 5.01*9) = 6.0 6.0 6.50 0.0 4.50 1.50 3.0
4.0 3.50 6.0 3.0 0.0 3.50 4.50
4.50 2.0 8.50 1.0 4.0 0.0 2.0
3.0 1.50 4.50 2.0 6.0 4.0 0.0

Network 8, Parameter Set 3

Number of nodes: 7
Number of configurations: 2

Environment process generator:

-4.0 4.0QE = 6.0 -6.0
Environment stationary probabilities:

I' = [0.60, 0.40]

Table D.24. Link Numbers and Ca • acities— Network 8 Parameter Set 3
source destination

link node node •
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: }1'1 = 100.0 bits
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Arrival rate matrices:

0.0 30.0 36.0 28.0 20.0 22.0 14.0
24.0 0.0 20.0 16.0 12.0 12.0 10.0
32.0 22.0 0.0 26.0 16.0 10.0 12.0

I‘(1)= 34.0 22.0 20.0 0.0 6.0 14.0 8.0
24.0 16.0 18.0 16.0 0.0 8.0 18.0
18.0 14.0 18.0 14.0 6.0 0.0 4.0
20.0 8.0 20.010.0 16.0 8.0 0.0

0.0 20.0 28.0 18.0 12.0 14.0 8.0
16.0 0.0 22.0 10.0 10.0 12.0 14.0
40.0 16.0 0.0 14.0 38.0 32.0 20.0N2)- 24.0 20.0 26.0 0.0 18.0 6.0 12.0
16.0 14.0 24.0 12.0 0.0 14.0 18.0
18.0 8.0 34.0 4.0 16.0 0.0 8.0
12.0 6.0 18.0 8.0 24.0 16.0 0.0

Network 8, Parameter Set 4

Number of nodes: 7
Number of coufigurations: 2

Environment process generator:

-4.0 4.0CZE: 6.0 -6.0
Environment stationary probabilities:

I = [0.60, 0.40]
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Table D.25. Link Numbers and Ca • acities— Network 8 Parameter Set 4
source destination

link node node ca • acit
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: p" = 100.0 bits

Arrival rate matrices:

0.0 15.0 18.0 14.0 10.0 11.0 7.0
12.0 0.0 10.0 8.0 6.0 6.0 5.0
16.0 11.0 0.0 13.0 8.0 5.0 6.0

P9) = 17.0 11.0 10.0 0.0 3.0 7.0 4.0
12.0 8.0 9.0 8.0 0.0 4.0 9.0
9.0 7.0 9.0 7.0 3.0 0.0 2.0
10.0 4.0 10.0 5.0 8.0 4.0 0.0

0.0 5.0 7.0 4.50 3.0 3.50 2.0
4.0 0.0 5.50 2.50 2.50 3.0 3.50
10.0 4.0 0.0 3.50 9.50 8.0 5.0P12) = 6.0 6.0 6.50 0.0 4.50 1.50 3.0
4.0 3.50 6.0 3.0 0.0 3.50 4.50
4.50 2.0 8.50 1.0 4.0 0.0 2.0
3.0 1.50 4.50 2.0 6.0 4.0 0.0

Network 8, Parameter Set 5

Number of nodes: 7
Number of configurations: 2
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Environment process generator:

-4.0 4.0
QB = 6.0 -6.0

Environment stationary probabilities:

I = [0.60, 0.40]

Table D.26. Link Numbers and Ca
·
acities—- Network 8 Parameter Set 5source destination

node node ca • acit
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: ;1"l = 100.0 bits

Arrival rate matrices:

0.0 7.50 9.0 7.0 5.0 5.50 3.50
6.0 0.0 5.0 4.0 3.0 3.0 2.50
8.0 5.50 0.0 6.50 4.0 2.50 3.0

PU) = 8.50 6.60 6.0 0.0 1.50 3.50 2.0
6.0 4.0 4.50 4.0 0.0 2.0 4.50
4.50 3.50 4.50 3.50 1.50 0.0 1.0
5.0 2.0 5.0 2.50 4.0 2.0 0.0
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0.0 2.50 3.50 2.250 1.50 1.750 1.0
2.0 0.0 2.750 1.250 1.250 1.50 1.750
5.0 2.0 0.0 1.750 4.750 4.0 2.50

Fm = 3.0 2.50 3.250 0.0 2.250 0.750 1.50
2.0 1.750 3.0 1.50 0.0 1.750 2.250

2.250 1.0 4.250 0.50 2.0 0.0 1.0
1.50 0.750 2.250 1.0 3.0 2.0 0.0

Network 8, Parameter Set 6

Number of nodes: 7
Number of configurations: 2

Environment process generator:

-4.0 4.0QE “ 6.0 -6.0
Environment stationary probabilities:

I = [0.60, 0.40]

Table D.27. Link Numbers and Ca • acities— Network 8 Parameter Set 6
source destination

link node node ca • acit
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: p"1 = 100.0 bits
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Arrival rate matrices:

0.0 30.0 36.0 28.0 20.0 22.0 14.0
24.0 0.0 20.0 16.0 12.0 12.0 10.0
32.0 22.0 0.0 26.0 16.0 10.0 12.0

Pfl): 34.0 22.0 20.0 0.0 6.0 14.0 8.0
24.0 16.0 18.0 16.0 0.0 8.0 18.0
18.0 14.0 18.0 14.0 6.0 0.0 4.0
20.0 8.0 20.0 10.0 16.0 8.0 0.0

0.0 10.014.0 9.0 6.0 7.0 4.0
8.0 0.0 11.0 5.0 5.0 6.0 7.0
20.0 8.0 0.0 7.0 19.0 16.0 10.0

1‘<2>= 12.0 10.0 13.0 0.0 0.0 3.0 6.0
8.0 7.0 12.0 6.0 0.0 7.0 9.0
9.0 4.0 17.0 2.0 8.0 0.0 4.0
6.0 3.0 9.0 4.0 12.0 8.0 0.0
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D.9. Network 9

0 0

0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0
Configuration 1 Configuration 2

0

0 0 0 0

0 0

0 0

0
Configuration 3

Figure D.9. Dynamic Hierarchy 9 Topology



- 151 —

Network 9, Parameter Set 1

Number of nodes: 10
Number of configurations: 3

Environment process generator:

-7.0 4.0 3.0

QE = 8.0 -10.0 2.0
6.0 3.0 -9.0

Environment stationary probabilities:

I = [0.5030, 0.2695, 0.2275]

Table D.28. Link Numbers and Ca • acities— Network 9 Parameter Set 1
source destination

link node node ca • acit
1 2 1 14030.6621l
2 1 2 14405.1748O
3 3 1 10822.6123O
4 1 3 10712.1377O
5 4 2 22613.0625O
6 2 4 21019.1621l
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.7871l
12 4 7 12326.5127O
13 8 4 13912.3125O
14 4 8 11954.7002O
15 9 4 12591.90039
16 4 9 11567.9248O
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length: ;f1 = 100.0 bits
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Arrival rate matrices:
1*0) =

0.0 8.0 8.0 5.0 5.0 6.0 4.0 3.0 4.0 2.0
9.0 0.0 3.0 10.0 4.0 2.0 9.0 10.0 5.0 6.0
7.0 3.0 0.0 2.0 2.0 11.0 1.0 1.0 2.0 1.0
4.0 12.0 2.0 0.0 4.0 2.0 18.0 15.0 17.0 9.0
3.0 7.0 1.0 3.0 0.0 2.0 8.0 6.0 10.0 11.0
4.0 3.0 13.0 3.0 2.0 0.0 1.0 1.0 1.0 1.0
3.0 7.0 2.0 20.0 10.0 1.0 0.0 10.0 10.0 2.0
4.0 10.0 1.0 18.0 12.0 1.0 11.0 0.0 13.0 2.0
3.0 8.0 2.0 19.0 8.0 1.0 9.0 12.0 0.0 2.0
2.0 5.0 1.0 7.0 12.0 1.0 3.0 3.0 3.0 0.0

1*(2) =
0.0 7.0 6.0 7.0 9.0 7.0 1.0 3.0 1.0 3.0
4.0 0.0 5.0 7.0 11.0 4.0 2.0 2.0 3.0 11.0
8.0 6.0 0.0 2.0 5.0 12.0 1.0 1.0 1.0 2.0
6.0 10.0 1.0 0.0 7.0 1.0 10.0 11.0 10.0 6.0
9.0 12.0 4.0 9.0 0.0 3.0 4.0 4.0 3.0 17.0
8.0 4.0 15.0 2.0 8.0 0.0 1.0 1.0 1.0 3.0
3.0 5.0 2.0 12.0 3.0 1.0 0.0 14.0 6.0 2.0
3.0 6.0 2.0 14.0 4.0 1.0 15.0 0.0 6.0 1.0
3.0 4.0 3.0 12.0 4.0 1.0 7.0 9.0 0.0 3.0
6.0 13.0 4.0 8.0 19.0 2.0 4.0 2.0 3.0 0.0

1·(3) =
0.0 10.0 14.0 8.0 4.0 10.0 2.0 4.0 4.0 3.0
8.0 0.0 10.0 9.0 6.0 7.0 7.0 8.0 6.0 9.0

15.0 11.0 0.0 6.0 3.0 20.0 1.0 2.0 2.0 2.0
6.0 11.0 5.0 0.0 3.0 5.0 9.0 8.0 8.0 4.0
4.0 9.0 4.0 6.0 0.0 2.0 2.0 2.0 3.0 13.0

12.0 8.0 20.0 5.0 2.0 0.0 2.0 1.0 1.0 3.0
4.0 6.0 2.0 10.0 3.0 1.0 0.0 10.0 8.0 3.0
5.0 8.0 3.0 12.0 2.0 1.0 11.0 0.0 7.0 2.0
4.0 9.0 3.0 11.0 4.0 1.0 10.0 6.0 0.0 2.0
2.0 7.0 4.0 4.0 14.0 2.0 2.0 2.0 3.0 0.0

Network 9, Parameter Set 2

Number of nodes: 10
Number of configurations: 3

EI1ViI‘0I1II1€I1l7 PIOCCSS g€I1€I'3„l}OI'l

-35.0 20.0 15.0
QE = 40.0 -50.0 10.0

30.0 15.0 -45.0

Environment stationary probabilities:

r = [0.5030, 0.2695, 0.2275]
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Table D.29. Link Numbers and Ca • acities— Network 9 Parameter Set 2
source destination

link node node caacit
1 2 1 14030.6621l
2 1 2 14405.17480
3 3 1 10822.6123O
4 1 3 10712.1377O
5 4 2 22613.0625O
6 2 4 21019.1621l
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.7871l
12 4 7 12326.5127O
13 8 4 13912.31250
14 4 8 11954.7002O
15 9 4 12591.90039
16 4 9 11567.9248O
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length:
}1“1

= 100.0 bits

Arrival rate matrices:
}‘(1) =

0.0 8.0 8.0 5.0 6.0 6.0 4.0 3.0 4.0 2.0
9.0 0.0 3.0 10.0 4.0 2.0 9.0 10.0 5.0 6.0
7.0 3.0 0.0 2.0 2.0 11.0 1.0 1.0 2.0 1.0
4.0 12.0 2.0 0.0 4.0 2.0 18.0 15.0 17.0 9.0
3.0 7.0 1.0 3.0 0.0 2.0 8.0 6.0 10.0 11.0
4.0 3.0 13.0 3.0 2.0 0.0 1.0 1.0 1.0 1.0
3.0 7.0 2.0 20.0 10.0 1.0 0.0 10.0 10.0 2.0
4.0 10.0 1.0 18.0 12.0 1.0 11.0 0.0 13.0 2.0
3.0 8.0 2.0 19.0 8.0 1.0 9.0 12.0 0.0 2.0
2.0 5.0 1.0 7.0 12.0 1.0 3.0 3.0 3.0 0.0

p(2) =
0.0 7.0 6.0 7.0 9.0 7.0 1.0 3.0 1.0 3.0
4.0 0.0 5.0 7.0 11.0 4.0 2.0 2.0 3.0 11.0
8.0 6.0 0.0 2.0 6.0 12.0 1.0 1.0 1.0 2.0
6.0 10.0 1.0 0.0 7.0 1.0 10.0 11.0 10.0 6.0
9.0 12.0 4.0 9.0 0.0 3.0 4.0 4.0 3.0 17.0
8.0 4.0 15.0 2.0 3.0 0.0 1.0 1.0 1.0 3.0
3.0 5.0 2.0 12.0 3.0 1.0 0.0 14.0 6.0 2.0
3.0 6.0 2.0 14.0 4.0 1.0 15.0 0.0 6.0 1.0
3.0 4.0 3.0 12.0 4.0 1.0 7.0 9.0 0.0 3.0
6.0 13.0 4.0 8.0 19.0 2.0 4.0 2.0 3.0 0.0
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p(3) =
0.0 10.0 14.0 8.0 4.0 10.0 2.0 4.0 4.0 3.0
8.0 0.0 10.0 9.0 6.0 7.0 7.0 8.0 6.0 9.0

15.0 11.0 0.0 6.0 3.0 20.0 1.0 2.0 2.0 2.0
6.0 11.0 5.0 0.0 3.0 5.0 9.0 8.0 8.0 4.0
4.0 9.0 4.0 6.0 0.0 2.0 2.0 2.0 3.0 13.0

12.0 8.0 20.0 5.0 2.0 0.0 2.0 1.0 1.0 3.0
4.0 6.0 2.0 10.0 3.0 1.0 0.0 10.0 8.0 3.0
5.0 8.0 3.0 12.0 2.0 1.0 11.0 0.0 7.0 2.0
4.0 9.0 3.0 11.0 4.0 1.0 10.0 6.0 0.0 2.0
2.0 7.0 4.0 4.0 14.0 2.0 2.0 2.0 3.0 0.0

Network 9, Parameter Set 3

Number of nodes: 10
Number of configurations: 3

Environment process generator:

-7.0 4.0 3.0
QE = 8.0 -10.0 2.0

6.0 3.0 -9.0

Environment stationary probabilities:

er = [0.5030, 0.2695, 0.2275]
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Table D.30. Link Numbers and Ca • acities— Network 9 Parameter Set 3
source destination

link node node ca • acit
1 2 1 14030.6621l
2 1 2 14405.1748O
3 3 1 10822.6123O
4 1 3 10712.13770
5 4 2 22613.0625O
6 2 4 21019.1621l
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.7871l
12 4 7 12326.51270
13 8 4 l3912.31250
14 4 8 11954.7002O
15 9 4 12591.90039
16 4 9 11567.9248O
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length: u"! = 100.0 bits

Arrival rate matrices:
1*0) =

0.0 16.0 16.0 10.0 10.0 12.0 8.0 6.0 8.0 4.0
18.0 0.0 6.0 20.0 8.0 4.0 18.0 20.0 10.0 12.0
14.0 6.0 0.0 4.0 4.0 22.0 2.0 2.0 4.0 2.0
8.0 24.0 4.0 0.0 8.0 4.0 36.0 30.0 34.0 18.0
6.0 14.0 2.0 6.0 0.0 4.0 16.0 12.0 20.0 22.0
8.0 6.0 26.0 6.0 4.0 0.0 2.0 2.0 2.0 2.0
6.0 14.0 4.0 40.0 20.0 2.0 0.0 20.0 20.0 4.0
8.0 20.0 2.0 36.0 24.0 2.0 22.0 0.0 26.0 4.0
6.0 16.0 4.0 38.0 16.0 2.0 18.0 24.0 0.0 4.0
4.0 10.0 2.0 14.0 24.0 2.0 6.0 6.0 6.0 0.0

1*(2) =
0.0 14.0 12.0 14.0 18.0 14.0 2.0 6.0 2.0 6.0
8.0 0.0 10.0 14.0 22.0 8.0 4.0 4.0 6.0 22.0

16.0 12.0 0.0 4.0 10.0 24.0 2.0 2.0 2.0 4.0
12.0 20.0 2.0 0.0 14.0 2.0 20.0 22.0 20.0 12.0
18.0 24.0 8.0 18.0 0.0 6.0 8.0 8.0 6.0 34.0
16.0 8.0 30.0 4.0 6.0 0.0 2.0 2.0 2.0 6.0
6.0 10.0 4.0 24.0 6.0 2.0 0.0 28.0 12.0 4.0
6.0 12.0 4.0 28.0 8.0 2.0 30.0 0.0 12.0 2.0
6.0 8.0 6.0 24.0 8.0 2.0 14.0 18.0 0.0 6.0

12.0 26.0 8.0 16.0 38.0 4.0 8.0 4.0 6.0 0.0
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p(3) =
0.0 20.0 28.0 16.0 8.0 20.0 4.0 8.0 8.0 6.0

16.0 0.0 20.0 18.0 12.0 14.0 14.0 16.0 12.0 18.0
30.0 22.0 0.0 12.0 6.0 40.0 2.0 4.0 4.0 4.0
12.0 22.0 10.0 0.0 6.0 10.0 18.0 16.0 16.0 8.0
8.0 18.0 8.0 12.0 0.0 4.0 4.0 4.0 6.0 26.0

24.0 16.0 40.0 10.0 4.0 0.0 4.0 2.0 2.0 6.0
8.0 12.0 4.0 20.0 6.0 2.0 0.0 20.0 16.0 6.0

10.0 16.0 6.0 24.0 4.0 2.0 22.0 0.0 14.0 4.0
8.0 18.0 6.0 22.0 8.0 2.0 20.0 12.0 0.0 4.0
4.0 14.0 8.0 8.0 28.0 4.0 4.0 4.0 6.0 0.0

Network 9, Parameter Set 4

Number of nodes: 10
Number of configurations: 3

EI1V1l'OI1II1€I1t PIOCCSS g€I1€l‘8.ÜOI'Z

-35.0 20.0 15.0
QE = 40.0 -50.0 10.0

30.0 15.0 -45.0
Environment stationary probabilities:

1r = [0.5030, 0.2695, 0.2275]
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Table D.31. Link Numbers and Ca • acities— Network 9 Parameter Set 4
source destination

link node node ca • acit
1 2 1 14030.6621l
2 1 2 14405.1748O
3 3 1 10822.6123O
4 1 3 107l2.l3770
5 4 2 22613.0625O
6 2 4 21019.1621l
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.7871l
12 4 7 12326.5127O
13 8 4 13912.31250
14 4 8 11954.7002O
15 9 4 12591.90039
16 4 9 11567.9248O
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length: p'l = 100.0 bits

Arrival rate matrices:
[·(1) =

0.0 16.0 16.0 10.0 10.0 12.0 8.0 6.0 8.0 4.0
18.0 0.0 6.0 20.0 8.0 4.0 18.0 20.0 10.0 12.0
14.0 6.0 0.0 4.0 4.0 22.0 2.0 2.0 4.0 2.0
8.0 24.0 4.0 0.0 8.0 4.0 36.0 30.0 34.0 18.0
6.0 14.0 2.0 6.0 0.0 4.0 16.0 12.0 20.0 22.0
8.0 6.0 26.0 6.0 4.0 0.0 2.0 2.0 2.0 2.0
6.0 14.0 4.0 40.0 20.0 2.0 0.0 20.0 20.0 4.0
8.0 20.0 2.0 36.0 24.0 2.0 22.0 0.0 26.0 4.0
6.0 16.0 4.0 38.0 16.0 2.0 18.0 24.0 0.0 4.0
4.0 10.0 2.0 14.0 24.0 2.0 6.0 6.0 6.0 0.0

p(2) =
0.0 14.0 12.0 14.0 18.0 14.0 2.0 6.0 2.0 6.0
8.0 0.0 10.0 14.0 22.0 8.0 4.0 4.0 6.0 22.0

16.0 12.0 0.0 4.0 10.0 24.0 2.0 2.0 2.0 4.0
12.0 20.0 2.0 0.0 14.0 2.0 20.0 22.0 20.0 12.0
18.0 24.0 8.0 18.0 0.0 6.0 8.0 8.0 6.0 34.0
16.0 8.0 30.0 4.0 6.0 0.0 2.0 2.0 2.0 6.0
6.0 10.0 4.0 24.0 6.0 2.0 0.0 28.0 12.0 4.0
6.0 12.0 4.0 28.0 8.0 2.0 30.0 0.0 12.0 2.0
6.0 8.0 6.0 24.0 8.0 2.0 14.0 18.0 0.0 6.0

12.0 26.0 8.0 16.0 38.0 4.0 8.0 4.0 6.0 0.0
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p(3) =
0.0 20.0 28.0 16.0 8.0 20.0 4.0 8.0 8.0 6.0

16.0 0.0 20.0 18.0 12.0 14.0 14.0 16.0 12.0 18.0
30.0 22.0 0.0 12.0 6.0 40.0 2.0 4.0 4.0 4.0
12.0 22.0 10.0 0.0 6.0 10.0 18.0 16.0 16.0 8.0
8.0 18.0 8.0 12.0 0.0 4.0 4.0 4.0 6.0 26.0

24.0 16.0 40.0 10.0 4.0 0.0 4.0 2.0 2.0 6.0
8.0 12.0 4.0 20.0 6.0 2.0 0.0 20.0 16.0 6.0

10.0 16.0 6.0 24.0 4.0 2.0 22.0 0.0 14.0 4.0
8.0 18.0 6.0 22.0 8.0 2.0 20.0 12.0 0.0 4.0
4.0 14.0 8.0 8.0 28.0 4.0 4.0 4.0 6.0 0.0
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1).10. Network 10

0

0 0 0

0 0 0 0

0 0 0 0 0 0
Configuration 1

0

0 0 0

0 0 0 0 0 0

0 0

0 0
Configuration 2

Figure D.10(a). Dynamic Hicrarchy 10 Topology
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6

6 6 6

6 6 6 6

6 6

6 6 6 6
Configuration 3

Figure D.10(b). Dynamic Hicrarchy 10 Topology (continued)

Network 10, Parameter Set 1

Number of nodes: 14
l

Number of configurations: 3

EI1ViI‘OI1Hl€11t pI‘OC€SS g€I16l'3„tOl'Z

-20.0 8.0 12.0
QE = 10.0 -19.0 9.0

7.0 15.0 -22.0

Environment stationary probabilities:

r = [0.3014, 0.3791, 0.3195]
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Table D.32. Link Numbers and Ca • acities—- Network 10 Parameter Set 1
source destination

link node node ca • acit
1 2 1 10388$.54688
2 1 2 104707.$9063
3 3 1 24906.77930
4 1 3 28910.00195
5 4 1 102578.96094
6 1 4 95663.52$44
7 5 2 75669.59375
8 2 5 67953.78125
9 6 2 69186.84375
10 2 6 78595.74219
11 7 4 28868.19727
12 4 7 $2476.65625
13 8 4 76224.21875
14 4 8 63444.6445$
15 9 5 28241.97656
16 5 9 $0086.48242
17 10 5 $2904.62891
18 5 10 25609.02734
19 11 6 32242.00586
20 6 11 $0702.08203
21 12 6 24007.11719
22 6 12 $3326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.02734
26 8 14 255$7.7695$

Mean message length: ,u'1 = 100.0 bits

Arrival rate matrices:
[·(1) =

0.0 10.0 2.0 2.0 0.0 2.0 3.0 5.0 9.0 6.0 20.0 12.0 13.0 3.0
12.0 0.0 5.0 7.0 6.0 11.0 17.0 7.0 13.0 4.0 0.0 16.0 4.0 1.0
17.0 11.0 0.0 0.0 6.0 5.0 18.0 18.0 10.0 0.0 4.0 16.0 3.0 15.0
19.0 2.0 10.0 0.0 14.0 4.0 1.0 5.0 7.0 4.0 13.0 15.0 7.0 4.0
7.0 2.0 4.0 11.0 0.0 10.0 14.0 18.0 17.0 17.0 14.0 12.0 15.0 9.0

12.0 9.0 12.0 17.0 10.0 0.0 11.0 12.0 15.0 14.0 7.0 0.0 1.0 1.0
18.0 10.0 16.0 0.0 7.0 17.0 0.0 10.0 18.0 17.0 13.0 18.0 10.0 6.0
3.0 17.0 16.0 18.0 7.0 15.0 17.0 0.0 13.0 19.0 8.0 15.0 7.0 9.0

14.0 5.0 11.0 1.0 16.0 12.0 8.0 13.0 0.0 6.0 18.0 13.0 9.0 16.0
10.0 13.0 7.0 2.0 10.0 13.0 11.0 6.0 17.0 0.0 3.0 14.0 5.0 15.0
19.0 2.0 13.0 10.0 18.0 14.0 19.0 17.0 11.0 18.0 0.0 10.0 14.0 7.0
5.0 7.0 4.0 17.0 11.0 16.0 14.0 1.0 18.0 11.0 7.0 0.0 5.0 2.0
7.0 18.0 17.0 2.0 4.0 1.0 16.0 13.0 7.0 10.0 4.0 17.0 0.0 6.0
0.0 18.0 16.0 17.0 8.0 14.0 7.0 7.0 17.0 4.0 11.0 18.0 13.0 0.0



· 162 ·

p(2) =
0.0 3.0 15.0 2.0 6.0 12.0 13.0 4.0 8.0 10.0 19.0 0.0 7.0 16.0

15.0 0.0 18.0 3.0 11.0 14.0 13.0 9.0 15.0 7.0 8.0 9.0 13.0 6.0
3.0 10.0 0.0 15.0 2.0 11.0 12.0 19.0 5.0 2.0 13.0 18.0 19.0 2.0

13.0 15.0 1.0 0.0 0.0 11.0 9.0 3.0 11.0 15.0 15.0 4.0 10.0 6.0
9.0 1.0 8.0 6.0 0.0 12.0 2.0 9.0 3.0 6.0 18.0 7.0 3.0 3.0

19.0 4.0 7.0 0.0 5.0 0.0 15.0 10.0 10.0 2.0 3.0 16.0 2.0 15.0
4.0 9.0 11.0 10.0 19.0 6.0 0.0 4.0 9.0 4.0 15.0 15.0 6.0 4.0
3.0 0.0 11.0 5.0 3.0 10.0 5.0 0.0 14.0 14.0 6.0 5.0 1.0 18.0

10.0 0.0 16.0 5.0 4.0 7.0 10.0 2.0 0.0 1.0 11.0 12.0 14.0 4.0
17.0 17.0 1.0 16.0 15.0 19.0 17.0 3.0 0.0 0.0 6.0 16.0 1.0 16.0
13.0 15.0 7.0 8.0 17.0 9.0 15.0 6.0 10.0 1.0 0.0 18.0 4.0 7.0
4.0 12.0 5.0 3.0 0.0 13.0 18.0 12.0 10.0 12.0 2.0 0.0 18.0 7.0

15.0 15.0 12.0 13.0 1.0 3.0 6.0 1.0 17.0 7.0 3.0 4.0 0.0 17.0
18.0 3.0 15.0 18.0 2.0 10.0 13.0 1.0 2.0 8.0 15.0 13.0 11.0 0.0

p(3) =
0.0 5.0 15.0 14.0 14.0 17.0 15.0 19.0 17.0 10.0 9.0 17.0 14.0 7.0
4.0 0.0 6.0 13.0 10.0 13.0 15.0 5.0 7.0 3.0 8.0 0.0 7.0 3.0
9.0 8.0 0.0 18.0 4.0 2.0 0.0 2.0 5.0 4.0 8.0 0.0 11.0 4.0

13.0 10.0 0.0 0.0 15.0 2.0 4.0 10.0 8.0 3.0 16.0 19.0 4.0 15.0
6.0 7.0 1.0 18.0 0.0 6.0 12.0 12.0 10.0 16.0 13.0 11.0 18.0 18.0

10.0 4.0 9.0 18.0 3.0 0.0 16.0 5.0 14.0 17.0 9.0 16.0 2.0 10.0
1.0 6.0 3.0 8.0 18.0 1.0 0.0 13.0 15.0 9.0 12.0 6.0 18.0 3.0
5.0 15.0 17.0 12.0 14.0 11.0 19.0 0.0 6.0 12.0 19.0 8.0 16.0 13.0

18.0 3.0 16.0 17.0 11.0 5.0 8.0 9.0 0.0 8.0 18.0 2.0 11.0 19.0
2.0 15.0 13.0 18.0 19.0 12.0 11.0 4.0 14.0 0.0 19.0 18.0 11.0 12.0

16.0 14.0 8.0 3.0 15.0 14.0 13.0 7.0 14.0 2.0 0.0 19.0 7.0 0.0
6.0 4.0 4.0 4.0 9.0 11.0 0.0 10.0 0.0 16.0 3.0 0.0 11.0 7.0

19.0 12.0 16.0 4.0 13.0 2.0 8.0 11.0 9.0 10.0 15.0 5.0 0.0 12.0
7.0 3.0 18.0 15.0 5.0 13.0 8.0 5.0 2.0 18.0 4.0 14.0 0.0 0.0

Network 10, Parameter Set 2

Number of nodes: 14
Number of configurations: 3

E11V1I‘OI1II1€11t pI°OC6SS g811€1‘8„t01’Z

-100.0 40.0 60.0
QE = 50.0 -95.0 45.0

35.0 75.0 -110.0

Environment stationary probabilities:

r = [0.3014, 0.3791, 0.3195]
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Table D.33. Link Numbers and Ca • acities— Network 10 Parameter Set 2
source destination

link node node ca • acit
1 2 1 10$883.54688
2 1 2 104707.39063
3 3 1 24906.7793O
4 1 3 28910.00195
5 4 1 102578.96094
6 1 4 95663.52344
7 5 2 75669.59375
8 2 5 67953.78l25
9 6 2 69186.84375
10 2 6 78595.74219
11 7 4 28868.19727
12 4 7 $2476.65625
13 8 4 76224.21875
14 4 8 6$444.64453
15 9 5 2824l.97656
16 5 9 $0086.48242
17 10 5 $2904.62891
18 5 10 2560902734
19 11 6 $2242.00586
20 6 1 1 $0702.08203
21 12 6 24007.l1719
22 6 12 33326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.02734
26 8 14 25537.76953

Mean message length: ,u'l = 100.0 bits

Arrival rate matrices:
FU) =

0.0 10.0 2.0 2.0 0.0 2.0 3.0 5.0 9.0 6.0 20.0 12.0 13.0 3.0
12.0 0.0 5.0 7.0 6.0 11.0 17.0 7.0 13.0 4.0 0.0 16.0 4.0 1.0
17.0 11.0 0.0 0.0 6.0 5.0 18.0 18.0 10.0 0.0 4.0 16.0 3.0 15.0
19.0 2.0 10.0 0.0 14.0 4.0 1.0 6.0 7.0 4.0 13.0 15.0 7.0 4.0
7.0 2.0 4.0 11.0 0.0 10.0 14.0 18.0 17.0 17.0 14.0 12.0 15.0 9.0

12.0 0.0 12.0 17.0 10.0 0.0 11.0 12.0 15.0 14.0 7.0 0.0 1.0 1.0
18.0 10.0 16.0 0.0 7.0 17.0 0.0 10.0 18.0 17.0 13.0 18.0 10.0 6.0
3.0 17.0 16.0 18.0 7.0 15.0 17.0 0.0 13.0 19.0 8.0 15.0 7.0 9.0

14.0 5.0 11.0 1.0 16.0 12.0 8.0 13.0 0.0 6.0 18.0 13.0 9.0 16.0
10.0 13.0 7.0 2.0 10.0 13.0 11.0 6.0 17.0 0.0 3.0 14.0 5.0 15.0
19.0 2.0 13.0 10.0 18.0 14.0 19.0 17.0 11.0 18.0 0.0 10.0 14.0 7.0
5.0 7.0 4.0 17.0 11.0 16.0 14.0 1.0 18.0 11.0 7.0 0.0 5.0 2.0
7.0 18.0 17.0 2.0 4.0 1.0 16.0 13.0 7.0 10.0 4.0 17.0 0.0 6.0
0.0 18.0 16.0 17.0 8.0 14.0 7.0 7.0 17.0 4.0 11.0 18.0 13.0 0.0
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p(2) =
0.0 3.0 15.0 2.0 6.0 12.0 13.0 4.0 8.0 10.0 19.0 0.0 7.0 16.0

15.0 0.0 18.0 3.0 11.0 14.0 13.0 9.0 15.0 7.0 8.0 9.0 13.0 6.0
3.0 10.0 0.0 15.0 2.0 11.0 12.0 19.0 5.0 2.0 13.0 18.0 19.0 2.0

13.0 15.0 1.0 0.0 0.0 11.0 9.0 3.0 11.0 15.0 15.0 4.0 10.0 6.0
9.0 1.0 8.0 6.0 0.0 12.0 2.0 9.0 3.0 6.0 18.0 7.0 3.0 3.0

19.0 4.0 7.0 0.0 5.0 0.0 15.0 10.0 10.0 2.0 3.0 16.0 2.0 15.0
4.0 9.0 11.0 10.0 19.0 6.0 0.0 4.0 9.0 4.0 15.0 15.0 6.0 4.0
3.0 0.0 11.0 5.0 3.0 10.0 5.0 0.0 14.0 14.0 6.0 5.0 1.0 18.0

10.0 0.0 16.0 5.0 4.0 7.0 10.0 2.0 0.0 1.0 11.0 12.0 14.0 4.0
17.0 17.0 1.0 16.0 15.0 19.0 17.0 3.0 0.0 0.0 6.0 16.0 1.0 16.0
13.0 15.0 7.0 8.0 17.0 9.0 15.0 6.0 10.0 1.0 0.0 18.0 4.0 7.0
4.0 12.0 5.0 3.0 0.0 13.0 18.0 12.0 10.0 12.0 2.0 0.0 18.0 7.0

15.0 15.0 12.0 13.0 1.0 3.0 6.0 1.0 17.0 7.0 3.0 4.0 0.0 17.0
18.0 3.0 15.0 18.0 2.0 10.0 13.0 1.0 2.0 8.0 15.0 13.0 11.0 0.0

p(3) =
0.0 5.0 15.0 14.0 14.0 17.0 15.0 19.0 17.0 10.0 9.0 17.0 14.0 7.0
4.0 0.0 6.0 13.0 10.0 13.0 15.0 5.0 7.0 3.0 8.0 0.0 7.0 3.0
9.0 8.0 0.0 18.0 4.0 2.0 0.0 2.0 5.0 4.0 8.0 0.0 11.0 4.0

13.0 10.0 0.0 0.0 15.0 2.0 4.0 10.0 8.0 3.0 16.0 19.0 4.0 15.0
6.0 7.0 1.0 18.0 0.0 6.0 12.0 12.0 10.0 16.0 13.0 11.0 18.0 18.0

10.0 4.0 9.0 18.0 3.0 0.0 16.0 5.0 14.0 17.0 9.0 16.0 2.0 10.0
1.0 6.0 3.0 8.0 18.0 1.0 0.0 13.0 15.0 9.0 12.0 6.0 18.0 3.0
5.0 15.0 17.0 12.0 14.0 11.0 19.0 0.0 6.0 12.0 19.0 8.0 16.0 13.0

18.0 3.0 16.0 17.0 11.0 5.0 8.0 9.0 0.0 8.0 18.0 2.0 11.0 19.0
2.0 15.0 13.0 18.0 19.0 12.0 11.0 4.0 14.0 0.0 19.0 18.0 11.0 12.0

16.0 14.0 8.0 3.0 15.0 14.0 13.0 7.0 14.0 2.0 0.0 19.0 7.0 0.0
6.0 4.0 4.0 4.0 9.0 11.0 0.0 10.0 0.0 16.0 3.0 0.0 11.0 7.0

19.0 12.0 16.0 4.0 13.0 2.0 8.0 11.0 9.0 10.0 15.0 5.0 0.0 12.0
7.0 3.0 18.0 15.0 5.0 13.0 8.0 5.0 2.0 18.0 4.0 14.0 0.0 0.0

Network 10, Parameter Set 3

Number of nodesz 14
Number of configurations: 3

Environment process generator:

-20.0 8.0 12.0
QE = 10.0 -19.0 9.0

7.0 15.0 -22.0

Environment stationary probabilities:

1r = [0.3014, 0.3791, 0.3195]
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Table D.34. Link Numbers and Ca • acities— Network 10 Parameter Set 3
source destination

link node node ca • acit
1 2 1 103883.54688
2 1 2 104707.39063
3 3 1 24906.7793O
4 1 3 28910.00195
5 4 1 102578.96094
6 1 4 95663.52344
7 5 2 75669.59$75
8 2 5 67953.78125
9 6 2 69186.84375
10 2 6 78595.74219
11 7 4 28868.19727
12 4 7 32476.65625
13 8 4 76224.21875
14 4 8 63444.64453
15 9 5 28241.97656
16 5 9 $0086.48242
17 10 5 $2904.62891
18 5 10 25609.02734
19 11 6 32242.00586
20 6 1 1 $0702.08203
21 12 6 24007.11719
22 6 12 $3326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.02734
26 8 14 25537.76953

Mean message length: p'1 = 100.0 bits

Arrival rate matrices:
[‘(1)

=
0.0 20.0 4.0 4.0 0.0 4.0 6.0 10.0 18.0 12.0 40.0 24.0 26.0 6.0

24.0 0.0 10.0 14.0 12.0 22.0 34.0 14.0 26.0 8.0 0.0 32.0 8.0 2.0
34.0 22.0 0.0 0.0 12.0 10.0 36.0 36.0 20.0 0.0 8.0 32.0 6.0 30.0
38.0 4.0 20.0 0.0 28.0 8.0 2.0 10.0 14.0 8.0 26.0 30.0 14.0 8.0
14.0 4.0 8.0 22.0 0.0 20.0 28.0 36.0 34.0 34.0 28.0 24.0 30.0 18.0
24.0 18.0 24.0 34.0 20.0 0.0 22.0 24.0 30.0 28.0 14.0 0.0 2.0 2.0
36.0 20.0 32.0 0.0 14.0 34.0 0.0 20.0 36.0 34.0 26.0 36.0 20.0 12.0
6.0 34.0 32.0 36.0 14.0 30.0 34.0 0.0 26.0 38.0 16.0 30.0 14.0 18.0

28.0 10.0 22.0 2.0 32.0 24.0 16.0 26.0 0.0 12.0 36.0 26.0 18.0 32.0
20.0 26.0 14.0 4.0 20.0 26.0 22.0 12.0 34.0 0.0 6.0 28.0 10.0 30.0
38.0 4.0 26.0 20.0 36.0 28.0 38.0 34.0 22.0 36.0 0.0 20.0 28.0 14.0
10.0 14.0 8.0 34.0 22.0 32.0 28.0 2.0 36.0 22.0 14.0 0.0 10.0 4.0
14.0 36.0 34.0 4.0 8.0 2.0 32.0 26.0 14.0 20.0 8.0 34.0 0.0 12.0
0.0 36.0 32.0 34.0 16.0 28.0 14.0 14.0 34.0 8.0 22.0 36.0 26.0 0.0
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1-‘(2) =

0.0 6.0 30.0 4.0 12.0 24.0 26.0 8.0 16.0 20.0 38.0 0.0 14.0 32.0
30.0 0.0 36.0 6.0 22.0 28.0 26.0 18.0 30.0 14.0 16.0 18.0 26.0 12.0
6.0 20.0 0.0 30.0 4.0 22.0 24.0 38.0 10.0 4.0 26.0 36.0 38.0 4.0

26.0 30.0 2.0 0.0 0.0 22.0 18.0 6.0 22.0 30.0 30.0 8.0 20.0 12.0
18.0 2.0 16.0 12.0 0.0 24.0 4.0 18.0 6.0 12.0 36.0 14.0 6.0 6.0
38.0 8.0 14.0 0.0 10.0 0.0 30.0 20.0 20.0 4.0 6.0 32.0 4.0 30.0
8.0 18.0 22.0 20.0 38.0 12.0 0.0 8.0 18.0 8.0 30.0 30.0 12.0 8.0
6.0 0.0 22.0 10.0 6.0 20.0 10.0 0.0 28.0 28.0 12.0 10.0 2.0 36.0

20.0 0.0 32.0 10.0 8.0 14.0 20.0 4.0 0.0 2.0 22.0 24.0 28.0 8.0
34.0 34.0 2.0 32.0 30.0 38.0 34.0 6.0 0.0 0.0 12.0 32.0 2.0 32.0
26.0 30.0 14.0 16.0 34.0 18.0 30.0 12.0 20.0 2.0 0.0 36.0 8.0 14.0
8.0 24.0 10.0 6.0 0.0 26.0 36.0 24.0 20.0 24.0 4.0 0.0 36.0 14.0

30.0 30.0 24.0 26.0 2.0 6.0 12.0 2.0 34.0 14.0 6.0 8.0 0.0 34.0
36.0 6.0 30.0 36.0 4.0 20.0 26.0 2.0 4.0 16.0 30.0 26.0 22.0 0.0

[‘(3) =
0.0 10.0 30.0 28.0 28.0 34.0 30.0 38.0 34.0 20.0 18.0 34.0 28.0 14.0
8.0 0.0 12.0 26.0 20.0 26.0 30.0 10.0 14.0 6.0 16.0 0.0 14.0 6.0

18.0 16.0 0.0 36.0 8.0 4.0 0.0 4.0 10.0 8.0 16.0 0.0 22.0 8.0
26.0 20.0 0.0 0.0 30.0 4.0 8.0 20.0 16.0 6.0 32.0 38.0 8.0 30.0
12.0 14.0 2.0 36.0 0.0 12.0 24.0 24.0 20.0 32.0 26.0 22.0 36.0 36.0
20.0 8.0 18.0 36.0 6.0 0.0 32.0 10.0 28.0 34.0 18.0 32.0 4.0 20.0
2.0 12.0 6.0 16.0 36.0 2.0 0.0 26.0 30.0 18.0 24.0 12.0 36.0 6.0

10.0 30.0 34.0 24.0 28.0 22.0 38.0 0.0 12.0 24.0 38.0 16.0 32.0 26.0
36.0 6.0 32.0 34.0 22.0 10.0 16.0 18.0 0.0 16.0 36.0 4.0 22.0 38.0
4.0 30.0 26.0 36.0 38.0 24.0 22.0 8.0 28.0 0.0 38.0 36.0 22.0 24.0

32.0 28.0 16.0 6.0 30.0 28.0 26.0 14.0 28.0 4.0 0.0 38.0 14.0 0.0
12.0 8.0 8.0 8.0 18.0 22.0 0.0 20.0 0.0 32.0 6.0 0.0 22.0 14.0
38.0 24.0 32.0 8.0 26.0 4.0 16.0 22.0 18.0 20.0 30.0 10.0 0.0 24.0
14.0 6.0 36.0 30.0 10.0 26.0 16.0 10.0 4.0 36.0 8.0 28.0 0.0 0.0

Network 10, Parameter Set 4

Number of uodes: 14
Number of configurations: 3

EI1V11’OI1II16I1t pI‘OC€SS g€1161‘3.tOI‘Z

-100.0 40.0 60.0
QE = 50.0 -95.0 45.0

35.0 75.0 -110.0
Environment stationary probabilities:

1r = [0.3014, 0.3791, 0.3195]
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Table D.35. Link Numbers and Ca • acities— Network 10 Parameter Set 4
source destination

link node node ca • acit
1 2 1 103883.54688
2 1 2 104707.39063
3 3 1 24906.7793O
4 1 3 28910.00195
5 4 1 102578.96094
6 1 4 95663.52344
7 5 2 75669.59375
8 2 5 67953.78125
9 6 2 69186.84375
10 2 6 78595.74219
11 7 4 28868.19727
12 4 7 32476.65625
13 8 4 76224.21875
14 4 8 63444.64453
15 9 5 28241.97656
16 5 9 30086.48242
17 10 5 3290402891
18 5 10 25609.02734
19 11 6 32242.00586
20 6 1 1 3070208203
21 12 6 24007.l1719
22 6 12 33326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.02734
26 8 14 25537.76953

Mean message length: ßfl = 100.0 bits

Arrival rate matrices:
[*0) =

0.0 20.0 4.0 4.0 0.0 4.0 6.0 10.0 18.0 12.0 40.0 24.0 26.0 6.0
24.0 0.0 10.0 14.0 12.0 22.0 34.0 14.0 26.0 8.0 0.0 32.0 8.0 2.0
34.0 22.0 0.0 0.0 12.0 10.0 36.0 36.0 20.0 0.0 8.0 32.0 6.0 30.0
38.0 4.0 20.0 0.0 28.0 8.0 2.0 10.0 14.0 8.0 26.0 30.0 14.0 8.0
14.0 4.0 8.0 22.0 0.0 20.0 28.0 36.0 34.0 34.0 28.0 24.0 30.0 18.0
24.0 18.0 24.0 34.0 20.0 0.0 22.0 24.0 30.0 28.0 14.0 0.0 2.0 2.0
36.0 20.0 32.0 0.0 14.0 34.0 0.0 20.0 36.0 34.0 26.0 36.0 20.0 12.0
6.0 34.0 32.0 36.0 14.0 30.0 34.0 0.0 26.0 38.0 16.0 30.0 14.0 18.0

28.0 10.0 22.0 2.0 32.0 24.0 16.0 26.0 0.0 12.0 36.0 26.0 18.0 32.0
20.0 26.0 14.0 4.0 20.0 26.0 22.0 12.0 34.0 0.0 6.0 28.0 10.0 30.0
38.0 4.0 26.0 20.0 36.0 28.0 38.0 34.0 22.0 36.0 0.0 20.0 28.0 14.0
10.0 14.0 8.0 34.0 22.0 32.0 28.0 2.0 36.0 22.0 14.0 0.0 10.0 4.0
14.0 36.0 34.0 4.0 8.0 2.0 32.0 26.0 14.0 20.0 8.0 34.0 0.0 12.0
0.0 36.0 32.0 34.0 16.0 28.0 14.0 14.0 34.0 8.0 22.0 36.0 26.0 0.0
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p(2) =
0.0 6.0 30.0 4.0 12.0 24.0 26.0 8.0 16.0 20.0 38.0 0.0 14.0 32.0

30.0 0.0 36.0 6.0 22.0 28.0 26.0 18.0 30.0 14.0 16.0 18.0 26.0 12.0
6.0 20.0 0.0 30.0 4.0 22.0 24.0 38.0 10.0 4.0 26.0 36.0 38.0 4.0

26.0 30.0 2.0 0.0 0.0 22.0 18.0 6.0 22.0 30.0 30.0 8.0 20.0 12.0
18.0 2.0 16.0 12.0 0.0 24.0 4.0 18.0 6.0 12.0 36.0 14.0 6.0 6.0
38.0 8.0 14.0 0.0 10.0 0.0 30.0 20.0 20.0 4.0 6.0 32.0 4.0 30.0
8.0 18.0 22.0 20.0 38.0 12.0 0.0 8.0 18.0 8.0 30.0 30.0 12.0 8.0
6.0 0.0 22.0 10.0 6.0 20.0 10.0 0.0 28.0 28.0 12.0 10.0 2.0 36.0

20.0 0.0 32.0 10.0 8.0 14.0 20.0 4.0 0.0 2.0 22.0 24.0 28.0 8.0
34.0 34.0 2.0 32.0 30.0 38.0 34.0 6.0 0.0 0.0 12.0 32.0 2.0 32.0
26.0 30.0 14.0 16.0 34.0 18.0 30.0 12.0 20.0 2.0 0.0 36.0 8.0 14.0
8.0 24.0 10.0 6.0 0.0 26.0 36.0 24.0 20.0 24.0 4.0 0.0 36.0 14.0

30.0 30.0 24.0 26.0 2.0 6.0 12.0 2.0 34.0 14.0 6.0 8.0 0.0 34.0
36.0 6.0 30.0 36.0 4.0 20.0 26.0 2.0 4.0 16.0 30.0 26.0 22.0 0.0

p(3) =
0.0 10.0 30.0 28.0 28.0 34.0 30.0 38.0 34.0 20.0 18.0 34.0 28.0 14.0
8.0 0.0 12.0 26.0 20.0 26.0 30.0 10.0 14.0 6.0 16.0 0.0 14.0 6.0

18.0 16.0 0.0 36.0 8.0 4.0 0.0 4.0 10.0 8.0 16.0 0.0 22.0 8.0
26.0 20.0 0.0 0.0 30.0 4.0 8.0 20.0 16.0 6.0 32.0 38.0 8.0 30.0
12.0 14.0 2.0 36.0 0.0 12.0 24.0 24.0 20.0 32.0 26.0 22.0 36.0 36.0
20.0 8.0 18.0 36.0 6.0 0.0 32.0 10.0 28.0 34.0 18.0 32.0 4.0 20.0
2.0 12.0 6.0 16.0 36.0 2.0 0.0 26.0 30.0 18.0 24.0 12.0 36.0 6.0

10.0 30.0 34.0 24.0 28.0 22.0 38.0 0.0 12.0 24.0 38.0 16.0 32.0 26.0
36.0 6.0 32.0 34.0 22.0 10.0 16.0 18.0 0.0 16.0 36.0 4.0 22.0 38.0
4.0 30.0 26.0 36.0 38.0 24.0 22.0 8.0 28.0 0.0 38.0 36.0 22.0 24.0

32.0 28.0 16.0 6.0 30.0 28.0 26.0 14.0 28.0 4.0 0.0 38.0 14.0 0.0
12.0 8.0 8.0 8.0 18.0 22.0 0.0 20.0 0.0 32.0 6.0 0.0 22.0 14.0
38.0 24.0 32.0 8.0 26.0 4.0 16.0 22.0 18.0 20.0 30.0 10.0 0.0 24.0
14.0 6.0 36.0 30.0 10.0 26.0 16.0 10.0 4.0 36.0 8.0 28.0 0.0 0.0



Table EJ. Com arative Results for Links- Network 1 Parameter Set 1
link nat. pan. siuaxlat. ¤¤n£ intevnl uns pom cm!. intsul Q} in 7} in %m.; Q} 9511;;,7}

(6) q. q. ci cr. fmminx rmmam
087978 0.842 0.%5 0858 0144@ 0.1489 01426 0.1452 no yu 4.71@ ·
0.80512 0.827 0.8546 087(N 0@005 00698 00698 00704 yu no - 4.5129
087878 08781 0858 08üß 0144% 01504 0.1484 015% yu no ~ $@59
08152 08489 0.8848 085ß 006605 0.06% 00677 0.@90 no no 2(W9 24158

Table E3. Com · arative Renulte for Links- Network 1 Parameter Set 2
link xmz. porn. inulat. am!. intcval nn;. geom cont intsval Q} in 7} in %m.g. Q} 9511;;. 7}

<Q Q- Q- lälß Q-Q7 ~> HE GL GL ··=·-·=·L··L L··=··=·L=»0.29858 0.8177 0862 0.&02 08971 0.1040 01015 01005 yes no - $1250
029441 0&ß2 02974 08181 0.04084 0@45 0.04@ 0.1592 no no 8.5854 14.9725
029858 0.@48 0% 0.&N7 08971 01@5 01% 01078 no no 2.0407 5.4%
0.29441 0848 02972 081% 004084 0.@42 00497 0.@B7 no no 8.488 14.5019

Table E.8. Qn· ' • Results for links- Network 1 Parameter Set 8
nngpcm dnulat. euntintsval lilhpotu. emllintnul Q‘in ?}in %m;. Q} %mg.7}

Q Q- l!I% Q-N -> 0% QL GL ··<·····L¤— L··=-··¤¤=
9.94% 9.255 8.047 9.788 0.84017 0.7758 07% 005 no no 8.tXB5 8.8071
10104lB 10%ß 9.0231 10.8545 0.8750 04(B7 0% 0.4% yu yu ~ -9.94% 100885 9.% 100910 0.84017 08456 07942 0.871 yu yu

- -10104(B 9.24% 8%7 9.850 0.89750 0.808 08487 0.% no no 9.8248 8.5840

- 1 69 -
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Table E.4. Com- ive Reeulte for linke- Network 2, Parameter Set 1

link tut. pan. inmlat. eau!. intuul Imt. pom. o¤nL intaval Q‘ in 7} in %m.g, Ql %m.; 7*

«> ¤~ ¤~ E12 M7 —> EI2 <=L <=L ¤=-···¤··= ··«·····¤··=1 0.86Ul 0.24 0.2 08416 087 0127 0, ¤ ~. «.~. nw!) no no 2.8211 6.2006
2 0.211 0.88N 0.8216 0.8468 006602 0.0604 0.0687 0(®1 yu M - 4.1761
8 0.86(!6 0.845 08868 0.82 0(§076 0.062 0(!21 0.(ß86 yu no - 4.567
4 02716 08868 0.8177 0.50 0.1(Xß0 0.1040 0.1•~ 0.150 yu no - 8.1827
6 0244 0.888 0.2 0.8467 0.06842 0.0660 00662 0.<!66 yu no

-
8.7688

6 022 02 0862 02 018661 01426 0.1402 01460 - nn - 4.0018

Table E.6. Com
· ive Reeulte for Links- Network 2 Parameter Set 2

link rm!. pan einnlat. ¤¤nL intetval umt. porn. c¤¤L inteval Q‘ in T‘ in %m.g. Q‘ %m.g. 7‘

w ¤— ¤- E12 FW -> 22 ¤L <=L ¤·=¤··¤=· ·~·=·¤·¤··—0.20208 026 0276 0.2016 02166 024 0.22 0(286 no no 1.1848 7.888
0214 0210 0271 0.2048 0.04018 004Z) 00416 00424 yu no - 4.888
0.221 0.2010 0288 0286 0.04178 00488 0.0484 00442 yu no · 4.72)
0.2 0.24 0.248 0.22 00718 00728 0.0716 00I&) yu M

-
1.574

0.20121 0.210 0.2 0.2081 004464 0.0467 00464 00470 yu no · 4.6628
022 0.26 0.2088 02 OAD21 0N67 0.lD66 0.N78 . M - 8.GNl

’l$bl• E.6. (bm · ive Reeulte for Links- Network 2 Parameter Set 8
um:. gem dnmlat. czmf. interval nmz. porn inmlat. c¤nL intarval Q‘ in 7} in %m;. Q‘ %rn.;. 7}

<=- ¤« 22 7-W -> ?~ 22 <=¤ <=—¤
¢~¤··¤··· ¤·=·=·¤·=—1 10.82 8.0218 8.186 0.7070 0106(¤ 0.1676 0.1686 0.1817 no no 10.584 16.864

2 8.IB68 8.8774 8.2 0.6160 0.27 O.&W2 0277 0.8$l7 yu yu - -
8 0. ¢·*·

• • —= 0.862 8.6701 100464 0.84088 0.8800 0.8168 08641 yee yu - -
4 8.711lß 8.8XB 8.272 0.8740 08616 0.6418 06®6 0.67N) yu yu - -6 0.24 0.2866 8.4677 10.0184 086GB 08671 0.2 0.8864 yu yu - -
6 1087468 10.8446 0.526 12.6866 081GJ4 0.8642 0.7267 1.®18 - .

- -



Table E.7. Qu
· nrntive Results for l..ink•— Network 8 Paraueter Set 1

link uut. pan. siunrlnt. cont interul nah. porn. sirrulat. cout intervnl 0‘ in 7‘ in %m.; 0‘ %m.g, 7*.

(g) q. q. uv. 0.1 cr rmman. rmnam
1 0.§W44 0.8ß4 07962 0.818 002418 0(B54 02 00258 yu M · 5.011)
2 0798 0.818 0.7996 02 0(B478 0866 0.862 00871 M M 1.6661 5.1(ß8
8 0.817ü 0.81ü 08ß5 08 006782 00689 0.0679 0899 yu M - 2298
4 02 0.29 0817 0.881 01850 0.112 0.1118 0118 yu M - 248
5 0E)497 0.7854 07719 078 007745 0.0769 0(W57 00782 M yu 24917 -6 1.(¤D5 1.(¤)4 1.82 1.127 0.2651 0.2744 0.2670 0218 yu M - 18.8
7 08lD 07970 07% 0.8114 002 0(W87 00'I27 0.W47 yes M

-
1.7910

8 0.24 0.81 0.&B7 08874 0.07101 0.W27 0.0717 00787 - M - 2ü46

Table E.8. Cou· ative Resulte for Links- Network 8 Parnueter Set 2
link runs. pom. ilßillß eunll inurvnl rmL gaom. cont intaval 0* in 7‘ in %m.g, 0‘ %m; 7,

<·> ¤- ¤- 88 FFF~>1
0.851 028 0.2846 028 001718 0.0188 00185 0.018 yu no · 86170

2 0257 0275 08 0.288 002481 0.87 08 029 M M 1.8670 7.lTI87
8 0.216 0.247 0217 0.277 0.04771 002 0.0484 00498 M M 1.2158 28
4 0207 0279 0241 0.217 007717 0078 0.0781 0.0797 yu M - 21927
5 089 0.276 0.87 0.215 0.852) 0866 0.861 0.870 yu M

-
2.4785

6 0.21 0.8 082 0.82 015042 0.1671 0.1645 018 yu M - 9.81
7 0.28l) 0241 0.2810 0.272 0.8145 0.88 0.824 0I585 yu M - 29245
8 0.257 0.2) 0.29 Qüm 0.8015 0.818 0.818 0. ~ · ·•·' M · 8.1858

'lible E.9. Oou · ive Results for Links- Network 8 Paraueter Set 8
link rmLp¤¤x eiuulnt. cutintcul ¤•L§m. duulat. cunllintsvnl 0‘ in Tiin %m; 0‘ %m|,7"

<«> ¤- ¤— III? F-<F -> F- 88 ¤—L GL ···=-=··¤··· ¤·=·¤¤-=1 844210 8. MI » 7.468 8.502*7 0.1216 0.1217 0. 11% 0.128 yu yu
- -

2 7.824m 7.8987 7.8849 8.4524 0.1788 0.1785 01619 0.1851 yu yu - -
8 8.56819 9.458 8.248 106lB 0.85416 08911 0.8424 04807 yu yu - -
4 8.870 8.7602 7.8 9.9548 0.59721 0.5918 05156 0.668 yu yu - -5 816555 8.212 7.587 8.8 0.8827 08958 0.866 04240 yu yu - -6 15.40817 15.1758 127842 17.5665 1.85587 122 1.8 21768 yu yu

- -7 7.98466 8.0757 7.8 8.6704 085HfI 08674 08lI 0.841 yu yu - ·8 8.72178 7.8410 7.80 8.4278 087EM 0.8424 0.8184 0.865 M M 11.24 104II
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Table E.10. Com ~ ive Reuultn for Links- Network 4 Parameter Set 1
uns pan; imxlat. cont inurval nat. geum. cont inteval Q} in 7} in %m.;, Q} %m.g. 7}

q. q. c.L cx. lromtim rmmam
1 08160) 0505 07081 08100 001880 0.0102 00188 00107 yu no 4.2188
2 0.81üD 08184 08% 08270 001802 00147 0.0148 00151 yu mo 7.8400
8 0&ß5 0§ß8 07% 0.%1 05585 00008 00057 0570 ya yu -4 0.84240 08400 0.% 055 0004% 0.0008 00052 0005 yu no 8.8478
5 0.00050 1.52 05 1.0085 011048 01872 01881 01412 yu no 120155
0 088154 0815 07% 08888 0% 0510 0055 05 yu no 2.1104
7 05500 08874 08170 0.8578 0.0544 05% 0.0014 00087 yu no 8455
8 0814% 08111 0750 0.% 004002 00000 0045 0.514 ya no 1.085
0 0.878XI 0852 08711 00108 0IW704 0580 0518 0558 yu no 7.1%2
10 081410 0% 0.8118 084% 004778 0.0404 0045 0055 — no 8.2704

Table E.11. Com - ive Rn•uIt• for Links- Network 4, Parameter Set 2
unnpom. duulat. ounlintsval xmngaan conhintaval Q‘in 7}i¤ %m.g. Qi %m.g.7}

¤- ¤· 5% 1- Ü -> HKM GL <=» ¤=-···¤··— ¤¤···¤¤—1 0%744 0.%72 0540 0% 001&)4 00144 00141 00147 yu no · 0.4444
2 0%50 0574 0558 0% 00'!04 00111 0015 00115 yen no · 181%
8 0%0 05 0588 055 00451 00% 00475 0.045 yu no - 2.0704
4 0%187 0205 0.170 0% 00601 00470 00408 00470 yu no

- 4.2840
5 0.81550 0% 08107 0% 00151 05 0554 05 no no 28880 0.4855
0 051 0% 0% 0541 004247 00442 0045 0.0447 yu no - 8.0140
7 02üJU 02014 0570 02050 0.04240 0.0442 00488 00440 yu no - 8.5
8 0.%708 02848 0%14 0.% 05522 054 0550 055 yu no ~ 82418
0 020000 0%77 0.20% 0.5 0.5081 0.0508 0555 00571 yen yu - -10 028740 0%48 0% 0.%70 0551 00850 0547 0554 - no · 8116

Table E.12. Com · arative R••u.It• for Links- Network 4 Parameter Set 8

unßpcm niuailat. mnßintuul ¤nt.p¤¤1. mnf.int¤·vaI Qiia T}in %m.g, Q} 95:11.;.7*}

¤- ¤~ 5% ?-W ~> IE5 ¤» GL ·~··=·¤¤~ ¤·«=····¤·—1 8.70708 8.80& 7.8708 8.010) 0% 0555 0.5 01012 yu yu
2 0.05070 0.4054 8.52 10540 007077 0W00 00740 0548 yu yu
8 8541 0.5 7.0181 11.% 0558 08014 0% 045TI yu ph
4 0.% 0.715 8.0% 100115 085 08774 0088) 04210 yu yu
5 18.8558 14.8754 12.%0 10.587 05% 00582 0512 1.558 ye yu
0 0.14058 8.% 7.4100 0.1778 088404 08Dt 0.275 0.8800 yes yu
7 0.17011 0.1074 8.Z)48 10181) 0885(R 0804 0.850 0.8748 yu yu
8 8.40245 88010 7.85% 0.875 0%002 0585 0% 0%) yu yu
0 1002127 10.544 8.0450 11.1885 0.847 04084 04141 0.51% yu yu
10 8.500 8.2827 7.115 0.8552 0.%802 02488 02118 02758 -. --



'liblc E.l8. Oo: · nntiu Resulu for Link- Network 6, Parameter Set 1

rmt. pom. muß intavnl nit. pan dxmnlat. wall intuvnl Q‘ in 7} in %mg. Q‘ %m;. 7}

¤» Iälä M7 -> ? IEIE GL QL ·«=·=·¤·== ¤~····¤··=1 QSTIZ (ll 0.7% (hä}? 0.01708 0.0189 0.0185 0.0108 yu M - 511%
2 (L3?] (LSR! 0.8% O3! 0.014N 00157 0.0158 00161 M M 25194 8.5850
8 081010 0.8217 0.857 0.8370 0.ß0l2 0.0678 0.0660 0.0587 yu M - 20066
4 0.85810 0.8565 0.8884 08747 0.(¤$8 0.MBB 0.002 00644 yu M · 4.2WD
6 0.810Q 0.8148 0.7ül 0.8465 0.16KN 0.17tß 01642 0.1768 yu yu - -
6 0.94426 0.9427 0.918) 00678 013482 0.®® 0„G08 0.(B41 yu uo - 8.8478
7 0.00670 0.®45 0.9HN LGB} 0.07743 01370 01358 OJBN yu M - 11.(XlI)
8 1. LQ! 0.$2 LIM! NES! 0.1(ß (MH75 0.1048 yu M - 12.%€7
0 0.9% 0.01U 0.957 0.0441 0.®4ü 0.®12 0.32 0.(N& yu M - B.?
10 l.l&„6 l«374ß LSID 1.4178 0.1¢B43 0.1486 (1.1307 0.1476 M no l6.U7& 24.4016
11 Oßliß 0.8517 0.812) 0318 OJKB7 OJG7 01014 0.ZBl ya M - S34!
12 Olllß 0.8Ml 07011 08171 0.ß828 0.0688 (L6!) 0.(ß05 - ~ V · -

Table EJ4. Com · ive Remha for Link•— Network 5 Parameter Set 2
unnpum oonßinhsvnl unnpum contimevnl Q‘i¤ ?‘ in %m;.

Q‘¤-Q3 WV > Ilälä GL GL ¤¤¤·-¤¤· ¤—¤····¤··=1 IIXBI 030 0.2844 Gl 0.01276 0.0lB 0.0188 0.0146 yu M - IOJMD
2 0.28871 0.28ß 0.20% 001012 0.0117 0.0118 0.0l® yu M

-
18.HMB

8 GX15 0.äS 0.$50 0.20% llßü 00412 (LOK! 00416 yu M - 8.1311
4 0.$412 0.ä22 O.? 0.üGB 0.0010 0.0441 0.0tN 0.0Hß yu M

-
4.8811

6 0.% (LNB 0.244 0.2918 0.11fN 0.1217 0.1197 0.1287 yu yu
- -

6 0.&ß56 0.&)74 0.M)18 0.8181 O.®062 00610 Ol) (MIN yu M - 7.1Kß
7 0.0660 @$44 0.(ß65 M M 1.5265 6.818
8 0.815H) 0.8195 0.818 O.? 015758 QMS) (XUBS 0.(ß88 yu no · 8. ·

•- ¤
0 Ol 0.81IB 0.($7B1 GAME Qßß 0„(!15 yu M · 5.4%)
10 0.&7 0.26 0.QlO 0.% 0.N7ll 0.0750 0.07$ 06781 yu M - 10.5GX)
11 (LE!] Ol 0.2ü 0% 0.188Ü 0.1856 0.1885 01876 yu M - LK4
12 0.§08 0.248 0.214 (L11 004156 0.005 0.001 0.0Iä » M

- 22118

'lible EJ5. Can · ustivc R••u.lt• for Links- Network 5, Parameter Set 8

link uns. pom iumlu cout inurul uns pom. conf. imavnl Q‘ in 7} in %m.; Q‘

¤— G- IZIE ?-W —> IZIEE GL GL ¤~·····¤·== ¤···-··=¤=1 8.47516 &$ 7.$44 8.04& 0.®4I1) 0.(Ü88 0.(B® 0.®06 yu yu
2 0.@45 10.1lXß 0.541 10.8104 (MEZ O.? (MB!) ILÜBS yu yu
3 8.&B75 7.858 7.1110 0.2786 0.2488 yu yu
4 9.80740 0.870 yu yu
5 8. 7.7ßB 0.0l)1 8.7715 Oäß 0.&)I1 0.UOB 0„@7 yu yu
6 12741 18.2197 11.®U 151Mä 0.50506 0.%0 0.5Iß 0.7$ M yu
7 18.76858 l4.&7 18.0186 10.ßlB ILBHB4 06658 0.5788 0.7868 yu: yu
8 120481 18.8lN Ofläß 0.7058 0.6875 @$41 M yu
0 12.44FlD 14.85Ü 11.7870 17. '·~*·

• 050146 0.7ü7 0.5821 0.U78 yu yu
10 l0. 17.5075 14.$57 $@2 1, •u.• . 0.0084 0.8&1 1.1548 yu yu
11 0.187% Mßß [M5'] 10.21IN l.(ß(B0 LMQS 0.9252 LUG yu yu
12 815887 8.1810 7.®40 ENG 0.20TN 02977 0.%67 0„@7 - V
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Table E.10. Con arative Reeulte for Links- Network 0 Parameter Set 1
Ilßylß duulat. cxtintsul mspx; cont intaval 0l in 7; in %¤;;. 0* %m.g.7'i

Q- Q- IZI2 WW -> lälä GL GL ¤·=···¤·¤ ·~¤··L··»1 0.887w 0.%7 Q2 Q88m QSB0 QIESS Q§0 0278 no yu 5.08t) -
2 Q&TI58 QIB8 0.727 Q81&) 0.%% Q(ß18 Qtßü Q(ß10 yu no

-
2.1448

8 Q27® 0.8460 0.22 Q86$ Q%50 Q275 QIE7 0.288 no no 4.8050 1.0748
4 QU758 Ql)47 Q7078 0.8110 0.IH% Q(ß12 Q05(B 01510 yu no - 1.0581
5 Q27w Q278 Q8700 0% Q(%50 QN17 QOIB QM25 yu no

- 5.IX§2
0 0.81758 Q7008 0.7ü5 0.&)42 Qäßl QIEO7 0.0508 Qtßll no no 1.8520 Q%2

Table E.17. Com - native Reuultc for Links- Network 0 Parameter Set 2
link ullsßlix einulat. oxtintavnl unspcm. ountinterval 0{in iin %¤;g. 0{ %m|,7"

<L> Q- Q- 2% ?-W L Gl CL L~·¤·L¤= ¤·-···L·=0.%0(D Q2087 Q2018 Q2002 0.06050 0.0011 QCHB 0.0015 no no 1.8852 2.4714
Q%72 QE4 Q254 028 0.08574 Q®71 0200 Q¢B78 yu no - 8.0058
020% 0.207 0.240 0.2008 Qt§050 Q%17 Q0018 Q%2 yu no - 8.412
0%*72 0% 0.242 0.%*7 QIB574 Q0870 QG07 QIB72 yu no - 8.4€.54
0.20dD 08111 020 O.&>47 Q%050 Q00% Q0021 Q0081 yu no - 4.&38
0272 Q270 Q250 020 0.2674 Q270 QGU Q(ß’72 - no - 8.424

Table E.18. Con » 've Ruulte for Links- Network 0 Pnameter Set 8
uns pan. inulas ex!. intsval ¤¤. px; ox!. intcul 0‘ in T‘ i.¤ %m.|, 0‘ %m.;. ?‘

°· °· ?·“7 ·> uß GL °L
'*·=····L··~ '·~····‘··L10.24817 8.40G 7.2 0.(D40 Q51570 Q4844 04040 Q4080 no no ¤1.5588 18.7208

8.271$ 8.1442 7.7% 8.5455 Q2740 Q2521 QQIIB Q%40 yu ya · -
10.24817 0.0484 8.4850 0.0610 051570 Q402 Q4&1 0.40% no no 18.2008 11.5080
8.27180 8.% 7.7140 8.5% 0.25740 Q215 0.2 Q2 yu yu - -10.24817 10.85% QH)15 IISB4 Q51570 Q52ü1 04% 0.5712 yu yu - -8.27180 7.8248 7.525 8.1211 Q2740 Q2424 0.280 Q2512 no . . 5.7tB4 -



Table E.10. Qu
· arative Reeulte for Liuk•— Network 1, Parameter Set 1

link un:. pan. aiuulat. e¤n£ Bnterval nat. [nom cont iutaval Q‘ in 7( in %m.;. Q‘ %m.g, 7}

<·> Q- Q- IZI2 66 ·> 22 GL CL L~·==·¤== L¤=····L··—1 0.&§04 0772 07071 07784 0.5% 00585 0.0% 01588 M M 4.1077 20542
2 080057 00125 0%1 02 010051 02148 02112 02174 yu M - 8.815
8 0&ß24 0781 07710 0.72 0.5% 0(B40 00585 0$44 M M 8.2 8.5550
4 0.80057 0848 0.2 0858 010051 01084 0100) 0.2XB M yu 0.GD4 -
5 0%% 07878 0.778 07050 0128 0544 0$80 0(ß40 M M 22787 4.247
0 0.8057 028 0812 08472 010051 01051 01010 01% M yu $431 -
7 08ß24 0.KH'2 0510 08184 0.ßüB 0.0558 0($54 00501 yu M - 0.807
8 080057 02 0§B4 0.5ü 010051 0108) 01000 01058 M M 0.5007 1.8187

Table E.20. Cou
·
antive Retultt for l..ink•— Network 7 Parameter Set 2

max. pan eau!. lnterval unt. pom. muß intaval Q‘ in T, in %mg. Q‘ %m.;. 7}

Q- 22 66/ -> E12 QL GL L~¤··L== L··=¤··L·¤
1 0210 02780 0.2752 027 0.08008 0.0144 0(BW 00402 yu M

-
10.548

2 020050 0.8)48 0.$X)1 0.8ß5 018444 01448 01410 01470 M M 1.788 0.888
8 02110 02 02778 0244 01208 00447 0.®00 00405 yu M - 17.2
4 02050 0257 0212 0IDl 018444 01ME 01870 01427 yu M - 4.1(B4
5 02110 0.2 0.278 024 0.% 00440 0.0401 00400 yu M - 17.7500
0 02050 0250 0.212 02000 018444 0.1401 01878 0142 yu M · 4.0ID
7 0210 0.2 0.2780 0.22 0%08 00450 0048 00400 yu M - 17.0888
8 02050 02 02 02 018444 0181 0.1804 01418 M M 2.1% 8.8501

Table E.21. Cou· ive Re•ult• for Linke- Network 7 Paraueter Set 8
unt. pum. iuulat. auf. imcval un:. pnm. auf. lntsval Qi in T‘ in %m.;. Q. %m.g, 7}

Q- Q- IZI2 66/ -> 2EäI GL QL ¤~··¤-L¤— LL-·=¤···1 7.40500 0.0188 5.7701 0.274 0.24l 02Bl 01% 02107 M M 24.8 2.2010
2 0.50401 102 87% 11.4848 1.8072 1.1770 1.

• /~ 1 Q 1.870 yu M - 0.7277
8 7.40500 0.184 5.8781 0.§2 02442 0ZBS 01% 021 1/ M M 2.7057 17.1708
4 0.50401 7.7474 7.0W0 8677 LÜK! 0üB0 Q zw . Qßü M M 2.848 21.240
5 7.40500 0.5Kß 0.2 0510 0.22 02 0218 02 M M 14.148 107%
0 0.50401 7.8878 7.2 85408 1.8012 0.7211 08474 00048 M M 21.2 18NXß
7 7.40500 7.4078 7.21 7.7% 02442 0.2400 02 0210 yu yu - -8 0.50401 7.582 0.7070 8.815 1.82 0.88 07% 0W2 M M 2.758 24.805



Table E38. Con L ive bsulte for Links- Network 8 Pnrnneter Set 1
link nat. pan. inulnt. mnt intuvnl nit. gsm. sinhlu. mnt intnvsl Qi in 7i in %m.g. Q‘ %m.g, 7}

QL Q- Q- EI2 ?-F L ? 22 CL GL ·«=····L··=· =··=····¤¤—1 0.02 08104 0754 0578 00175 0.01& 00178 0.015 yu yu -
2 0.8188 0&1O 0.8ü 08414 00101 00104 00101 00107 yu M 28781
8 0.815ü 0.2 0.0E 0.55 00310 0.2 0.2 0% yu no 24lD0
4 00101 070W 0.7870 08118 0.0840 02 0.05 0037 yu yu ·5 0.27 07800 0.7741 0050 001527 00152 0.0140 00154 yu yu

-0 084% 0.885 0810 0.588 001778 00182 0.0178 00187 yu M 25824
7 0020 05ß 05 0.8150 0011% 0.01 1 1 0.0110 0.0118 yu yu

-8 0.8108 05 08188 08478 002 0.018 0.012 00184 ya M 8.(¤B
0 0.0ßN 0.8147 07078 0882 0. M •

17 0.®ß 0.022 0(HN yu yu -10 0.81147 0.818 0.7057 0818 001004 0.2 00107 0.2 yu M 1.2
11 00011 0lßl 0.7874 08187 0.012 0.0105 00101 0012 yu yu

-12 00!701 0.548 07821 025 0.248 02 0(B10 0.21 ~ Q
·

Tsble E.28. Con ·
nrntive Reeulte for Links- Network 8, Pnruneter Set 2

link ¤¤t..g¤¤¤. inulnt. cmtintsul ¤•t„g¤¤m. ccntinurul Qin T‘in %mp Q %mg,7"

LQ Q- Q- 22 ?-W -> IZIEE CL GL ··«·-···=·— ·L=··=··-L
1 0207 0.28 02 02 001270 0.012 0.0127 0.0181 yu yu

-2 02785 02878 0242 0218 001185 00110 00114 00118 yu yu
-8 02727 020 022 0211 00ß74 0.010 0(X)58 0.01 yu M 4.8888

4 021 0.248 0210 0270 00#)4 0% 0081 00104 yu yu
-5 0272 0.2848 020 0.21 00121 00111 001N 00118 yu yu
-0 028 02021 021 0.21 001241 0012 0012 0.0181 yu M 8.2

7 0278 0.247 02810 0.270 0¢!]75 0.031 00!70 0.2 yu yu ·8 0.2 0.2 0.20 0.218 0021 0(X!8 0(ID1 0.0D5 yu no 8.1188
0 024 0.2701 027 0.01480 00145 0.0148 0.0147 yu ye

-10 022 0240 02704 022 001805 00141 0.018 00148 yu yu —
11 058 028 021 02W 00180) 0.0142 0010 00148 yu M 2.8100
12 (*250 05 0.2 02 0.01507 00108 0.0101 00105 ~ M 225

Table 8.24. Con ·
sntive Ruulte for Links- Network 8 Psrunetcr Set 8

uns. pum. ünmlat. mnt intcvnl int. |¤¤m. •i¤uI•t. mnt intsval T‘ in %m.g. Q %mg. 7}

<>· ¢· uä Ü ·> ?· ug ¤* *~····L·=— *·=·=··‘··=1 01555 00305 7.1011 8.518 0(ü)48 0(B02 02 0.034 yu yu
-2 0.¢ß011 0.240 8.1170 104111 0($70 0.MQ 0(B11 0.2 yu yu -8 0.01(@ 02) 8.2ü 0.40N 004785 0.0440 00410 00470 M yu $.8872

4 822 7.0574 7.1417 01782 00I271 004lß OJEE) 004l) yu yu ·5 0¢lß24 0212 7.1HXI 0.0!7 0072 O.lW81 028 0278 yu yu ·0 1000408 105840 0.2508 11.810) 011510 01140 0.1010 0120 yu yu -7 8.5048 8.7481 7.8505 0.27 0%5G) 0.2 0%48 0.204 yu yu
-8 10.50087 0.0500 00140 11.®52 00'R4 0.0704 05 yu yu -0 8.57 0.155 7.0010 10.22 0.10458 0.1151 01(2 0.1204 yu yu
-10 071711 11.%00 0.100 15.042 0158 0188 00774 01800 yu yu
-11 8.(Xß08 7.2 7.®01 8.24 0(DON 0.N04 01350 0.1000 yu yu
·12 8.K775 8.850 0.SD 0.2110 0112 01181 0.270 0.124 - —
·



'läble E.25. Com
·

ive Renulu for Link•— Network 8, Parameter Set 4
nit. pan duulat. amß in¤¤'v\I xu}. pom w¤L inurval Q‘ in TI in %m.g. Qf %mg. ?'I

¤· ¤· ßä WW -> E13 GL ¤¤ ¤—····-¤¤= ¤=-·-·¤··»1 0.61lW 00111 0.&I)l 0 ·
M 1 001501 0.0168 0.0106 00170 yu M

· 5.®76
2 0.65NO 0.65lW 0.6872 0.U42 001401 0.0156 0.0154 0.0160 yu M - 0.8402
8 0.660B OJGG 0.04Q 0.00ä 0.®741 0„(X@ 0.(X!l9 04181 yu M - 7.8750
4 0.N)406 0.5N4 0.6wl 0% 0.¢I7764 OJXE 0.GJ79 0.(XB1 yu M - 5.75lX)
5 058185 QSI! 0.5M 0.ßOM 0.01841 0.0140 0.0188 00142 yu no - 4.2148
0 071071 07048 (ll (UX 001051 0.018) 00170 0.0188 yu M · 8.2778
7 0.&)101 OMB4 05015 0.61$ OAXBBB 0.0104 0.0l(B 0.01(ß yu no - SAR!
8 0.512ß 0.5045 0.4902 0„6(D0 0„01ß7 00106 0.01ß 0.0lUI M yu 1.4066

-9 0.54711 0.5859 0.5277 0.6440 0.0172 0.0174 00172 0.0177 M yu 2.¢Bl8 -
10 0.58448 Oßüh 0.5180 0.5420 0.01068 00170 00107 0.0173 yu M - 9.1766
ll 0.57$7 05740 0.5% 0.5866 001005 0.0175 00172 00178 yu nc

· 3.1429
12 0.54208 0.8867 0.5046 0.6480 001015 00104 00101 0.0198 · Y - -

Table EJO. Con
· ivc Resulu for Links- Network 8 Parameter Set 6

uns pom iuulsk umß lnfavnl unt. pom. c¤¤L intsvtl Q‘ in Ti in %m.|, Q‘ %m.;. 7}

<>· ¤- lllß M7 —> EE CL <—¤ ¢~····¤··~ =~··=·*··=1 0.261 (hä! 0.96 027 0,01212 0„01& 0.0127 0.0188 yu M 6.7092
2 Oßü 037 RX) (Lß78 0.01INO 0.0117 0.0118 0.011) yu no 6.8876
8 0.2682 0,2867 0.2881 0.% 0.(Xß6l (MXB8 0.(Xß0 0.GJ60 yu M 12.6$7
4 0.2Iß 0.&7 0.üll Ol 0.(l'ß76 0.®64 0.¢X>01 (Riß yu no 10.1668
5 0.21070 0.2188 0.2lM 0211 0.0l(§5 0.0110 00107 0,0118 yu M 6.I)0l
0 Oßlü 0.26(ß 0.2468 0.544 0•0lZ)1 0.0182 0.012 0.0186 yu M 9.01S2
7 0.Z80l 0.240 0210 Ikäß 0.lX775l 012 0.(X!79 (M15 yu M 8.4146
8 0.2171 0.230 0„(XB40 yu no 6,6067
0 0.21170 0.2110 Ol 02145 0.01868 00142 G.0188 0.0145 yu M 4.7188
10 Old 0.2llD Oi 02181 001810 0„0l88 00185 00141 yu M 6.07%
11 0.21% 0.2lü 0.216 0.QlG 0.0l&)0 0.0188 0.0186 0.0142 yu M 6.1449
12 (12lül 0.21% Olli 02158 0.015lB 00158 00154 00101 V no 4.8784

'läblc E.27. Col · u·•tiv• Ruulu for Links- Nßvork 8 Parunetor Set 0
link rm!. guum dzmln cudl intavnl nn; pan auf. intsvnl Q‘ in in %m;. Q‘ %m.;. 7}

<·> ¤— ¤· lllß FW ·> lllß ¤l <=L ¤·=··=·¤·-· ·····=··¤·=·1 $.00412 8.7260 04714 8378 0.04686 0.0610 00481 01510 yu M · 9.M84
2 4.8312 4.2777 00574 Léßl 0.ßl17 0.(£® 00474 0.ßß yu yu

· -8 $$50 4. ;».„ 4.6437 5.älG 0. 0.(¤D 0.% 0„¢ßl7 M yu l4.M70 ·4 8.04501 8.0270 04818 8.8240 0. 0.(B88 0.27 0„®50 M yu 8.74lN -5 010418 8.17% 2.9000 8.84ü 0.(B557 0.(B79 (MMI OABG7 yu M - 0.1478
0 0.85017 BAIS7 LES 5.8456 0„(Tl®) (MMS 0.l'!ß0 0.W& M yu 17.4210 -7 071010 8.5754 $7840 0• ·¢·*·' yu M - 5„&Z
8 2.18776 2.1007 zum 22414 012*1 •~ •

0.0284 yu yu - -0 250711 2.$4B 2.4000 2.7%) 0.04017 0.0417 0.04X) 0.0184 yu yu - ·10 Zläö 230 2.17ß ZUU 0„¢ß721 0.(B02 Illßß 0.@78 no yu 6.4lÜ ~
ll 8.W064 2.0494 2.7702 8.13 (MMS) 0.0446 0.0424 0.0468 yu yu - -12 2627G) ZUM 2-2427 2.4D87 0.04870 0.04l) 0.0410 0.050 no -- 8.7&N -
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Table E38. Com ·
arative Reeulte for Linke- Network 0 Parameter Set 1

link uns. pum einaxlat. conf. intsval nnt. gaom uirmlat. cuuß inurval QI in 7} in %m.;. Q‘ %1¤.;. T‘

(.) q. q. 1·. 01. 0.1 homeim mmam.
1 0.84118 05 08141 0.510 001812 00184 00182 00187 yu no

- 2158
2 0277 057 0.8144 08401 001270 0018) 00127 00188 yu yu - -8 08418 0558 085w 00151 001750 0015 0018 0.01ü) yu no — 4.015
4 08012 0.8501 0878 05 00175 00188 00177 0.012 no yu 8.7480 -5 081401 08VI 0784 0811 00¤2 0 ¤

-
v 0081 0GB8 yu no

- 2.1051
8 081758 0.8122 0708 0875 0055 0CXB8 0037 0.030 yu no

-
1.7048

7 0555 088$ 08141 0.855 001150 0.0110 0.0117 0012 yu no · 2II$0
8 081124 0.842 07880 08248 001150 00117 00115 0012 yu yu - -0 05507 0544 0874 0514 0.5 0¢B81 0.

•
~«

· 057 yu no
- 87882

10 085814 08447 081N 08755 0(D480 0.0258 00248 024 yu no - 8.5547
11 081884 08104 0702 0.2 001485 00144 00141 00148 yu yu - -12 0vv} 08158 0785 08 001478 00150 00148 00158 yu ye - -
18 0.58 0&$2 0750 0.5 001810 00182 0015 00184 no yu 2.¢D84 -14 0.81782 0!D8 07081 02 00151 00158 00150 00158 yu yu —

-15 0818G) 0877 0.88 08472 001448 00140 00148 00152 yes no - 8.1544
18 0.5581 0548 02 08707 00184 00187 00188 00171 yu no - 8.0521
17 084884 08410 08185 0554 001858 0.0101 0015 00105 yu no - 2.872
18 08115 0«@8 07074 08578 0.01004 MH! 0021) 00212 ~ no · 8.2)80

'läble E30. Com · aratlve Reeultn for Linke- Network 0 Parameter Set 2
uns. pan. inmlat. unf. intsval nu. pan duulat. cm!. intsval Q‘ in T‘ in %m.|. Q‘ %m;. T‘

¤· <¤— 25 1-W -> 1- IZIEH ¤¤ ¤¤ =··-··-1-· ···=····¤¤—1 081070 084 0.8127 0.540 001207 00184 00181 00187 yu no 8.ZNO
2 0.8164 085 07818 0.8108 0.01%) 00128 0.0128 0012 yu yu ·8 084810 0.88M 081G 0572 001708 00178 0.0180 00177 yu yu

-4 0578 0.8550 05) 055 001718 00178 00178 00188 yu no 85055
5 0&Tl07 08181 085 0517 0IX¤D 0(X8 0.05 0.5 yu yu -8 OSIB7 0.87)*0 07010 08 0.51 O.tX¥I 05 0(IB0 yu yu -7 0.81401 0851 0.7I.N 08108 0.01140 0.0115 0.0118 0.0117 yu yu -8 0.35 08ü 078 0.81Ü 0.01155 0.0118 0.0114 0.0118 yu yu

-0 087 08104 07010 0.84N 0.®18 0•M• 00*214 0. • M- yu yu -10 0810 0815 07I2 0.8480 0842 0844 0•Mr 0861 yu yu -11 0lB87 08108 078 0.84lW 001427 00148 00148 00140 yu no 223
12 081®2 0.5 0.50 08% 00148 00151 00148 00154 yu no 2.7152
18 081070 0815 0750 057 0.018B 0018 0018 00184 yu yu

-14 05 0l!I8 075 0.848 001518 00158 00150 00158 yu yu -15 087778 0RD0 07858 0.541 001488 00145 00141 0016 yu yu
-18 0.514 0Rß0 07854 0.54 001578 00158 00154 00181 yu yu -17 0.817w 08108 0702 0.51 0018 00184 0.0181 0018I yu yu ~18 0H)454 0.8385 07088 08108 00127 0(®1 0012 054 - - .
-
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Table E.80. Com
·
arative Resulte for Linke- Network 0, Parameter Set 8

amt. pen; dxmlat. con!. lmerval unt. pom. sirmlat. cout inurul 0* in Ti in %m.;. 06 %m.g, T(

q. r cn. c.1. rmmau. rmman.
1 10.%00 10.713 0.33 12.14&) 0.3481 0.(B60 0.0747 0N7D yu yu - -2 101183 73W 0.743 $0801 007716 0.tß$ 0.0681 0.0088 no no 80.8882 $6®1
8 14.(ß112 121% 0.ZW 16.(IW8 0.188ü 0.132 0N00 01688 yu yu

- -4 18.32 10.304 0.072) 12.üß7 0.18880 01168 0(D08 0.1862 no yu 2).0040 -
6 0.18768 $(5W 7.21IN 8.¤B8 0.0485 00401 0.lBw 00441 no no 18.0086 12.8441
0 0.48000 102006 0.3 11.376 004006 00661 0ßtR 01500 yu no - 0.$11
7 10.®748 101% 8.1607 12.210 007012 00710 0.$78 0(E1 ye yu - -8 8.87688 0.8186 $7% 108671 0.00817 00704 0.®88 0.0770 yu no - 102000
0 10%77 10.377 $306 18.7*240 0.14280 0.14E) 011$ 01% yu yu - -10 10.ND47 0.0642 $2400 11.lßw 016470 01448 0.1240 01088 yu yes - -11 0.1&108 0.463 $$3 10.R'B7 0.38 0.387 0.073 0.<D86 yu yu - -12 0.36(B $8716 $2 0.7104 034IN 0.314 00741 0.3 yu ye —

-18 0.46777 0.0118 7.737 10370 0(W617 0.073 0.w3 0• rv yu yen ~
—

14 0.343 0.7627 $0788 11.4817 034M 0(D11 00768 0.1®4 yu yu - -
16 0.22 101270 $01I) 11.083 0.07068 0(ll11 00774 0127 yu yu

- -10 11.&Il11 11.4102 0.258 18.2 0.1(!41 01(»0 0.(&6 01200 yu yu - -
17 10.&!73 0.073 8.2418 11.7178 0.11=·?* 01110 0¢D88 0.181) yu yen - -18 $60461 $0166 7.64¢B 0.07tß 01lß20 0.1002 0.0080 0.1 180 - -. - -

Table E.81. Com- ive Reeulte for Link•— Network 0 Parameter Set 4
ummpom. iuanlat. o¤¤£.l¤t«val nnnpau. ccmtintcval 0‘l¤ T‘i¤ %m.g.0i¤·¤— [52 MW -> IZIEZI ¤¤ <=L ·«=¤···-·— ¤—-=-·¤·¤

1 $06% $3 7.7018 10360 0.¢@70 0.0717 00018 0.310 yu yu - -2 $4843 7.0247 0.372 $U21 0.3684 0.(!10 0380 0.lß08 yu yu · ·8 0.81611 0.773 $$61 11.424 0.¢B681 01(X)4 032 01176 yu yen - -4 0.16878 8.21 7.3U 10.%4 0.0470 0®$ 0.0776 01% yu yu - -6 $$486 7.7071 7.1% $87II 004116 0.3 0.0867 00416 yu yu - -0 $36 $8127 7.8607 0.367 004467 00444 0.(@6 0.0408 yu yu - -7 $4734 $0874 7.1870 101872 0.% 00016 01512 00718 yu yu
- -8 8.30 $6446 7.3 0.2 Illßdü 00010 0.ü04 0¢I60 yu yu - -

0 $08817 $4487 7.4081 0.434 0.11% 0.113 01(XI7 0138 yu yu · ·
10 $67108 11.2842 7.367 14.0827 012766 0.1060 0.1171 0213 yu yu

- ·11 $$116 8.16I) 7.27Q 0.0410 0.07% 0.¢W3 0.lß46 00700 yu yu - -12 $82176 7.8160 0.%4 $72 007602 0.0718 0.M88 00708 yu yu - -18 $84767 7.2111 0.6% 7.%4 000710 0.35 0.063 0®80 no no 16.70XJ 14.0687
14 $3$1 $113 0.940 $@2 0.0/744 0.07w 0(B44 0376 yu yu - -16 8.24218 $0181 7.2700 $7600 00784) 0.0718 0.(ß40 0.W70 yu yu

- -10 $70660 $1®4 7.130 0.312 0.3442 0.0701 00002 0%) yu yu - -17 $61(§2 8.6767 7.637 0.6077 0l!674 0.¢D02 0(B67 0137 yu yu · ·18 $12840 $7¢B0 7.7084 0.043 0.10140 0.1¢!7 0(I67 01177 · . - - -
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Tsble E30. Com native Rmulta for Linke- Network 10, Parameter Set 1
un!. pan. imuht. and. inuvnl ¤¤L pum wall intsvnl Qf in Ti in %m.g. Q‘ %m.|, 7*¤» ¤— BE MW —> IEEE CL <=L ~·=····=·-—

·~··=·¤¤—
1 0§I¤) 0.E)40 071 08104 0®178 0.0118 0(D18 0(X)18 yu no · 8.8880
2 Oßßß 0l7l0 07055 Oä)4 0(D178 0.0118 0.0118 O.(l)18 yu no - 8.8880
S 0$4Ü OEO OJÄ 0.GQ OJD787 0.0176 007'I4 041778 Y! Y* ' '
4 0.&1)44 0IXD 0.7707 0.@1 0.®0ß 0.(Xß3 0(I)61 0.l!ß4 yu yu - -
5 0.81251 0.818 0.8X)4 0.% 0.CX)177 0.lX)18 00118 0.CXJ10 YU Y¤' ' '
6 O.&¤)1 0.7007 0.7§7 08R 0.G)188 0(D10 0(X)10 0(BKD Y! 3** ' '
7 0.81¢D2 0.8117 0.7ß7 0.8107 0(IQ 00704 0.¤4 0w% YU Y°*

‘ ‘

8 0.8122 070N 07812 0.81% 0.(!%7 0.üE7 0(XE7 0lX!ä YU Y¤ ' '
0 0.81185 O.¤J70 0.7ä 0.$41 0lIü2 0.<XE7 M13 0(IB7 Y! Y!

· ·10 0.8358 081tß 0.7070 0äS) 0lXR20 0.0124 0wß 0(X)24 yu yu - -11 0272 Oi 0&D1 0.8425 0(lßßl 0.0166 0(D08 011166 yu yu - -12 0§)464 OÄE 0.7870 O.? 0111560 0.wGß 0.055 0(ISB YU Y! ' '
18 081§ 0.8110 0.7078 0„%5 0.0% 0II% 0(XJ24 0.G% YH Y! ‘ ‘
14 0.8)410 08774 07014 0.EB 0.(Xü4 0. • v.- 0(Xß 003) yu no - 2.0000
15 0.828 0&B1 08510 0.(1ß40 0®00 0.IX)65 0®08 Y! J'! ' '
10 083100 Oäl 0.8107 0.$0l 00lXD 0.(Xß8 0¢1B2 0(X)04 yu no - 8.&B8
17 0810'I0 0.8118 0.7880 08300 0(X550 0.0166 0.G54 0¢X)57 yu yu · -18 082158 0.ü."I4 0&§1 0.8407 0.G!I11 0.lI>78 0.0172 OJI!75 yu no

-
2.IX)27

10 0.81504 0@ 07RI 00568 OMB7 0.(Xß0 0(X$8 yu yu - -2) O.8BO4 0.70W 077ü 0% 0.Gß88 0(!§0 0.lüB 0(I!1 yu yu - -21 0.81878 0.8118 07§ 08867 0.II)755 0ü!!0 0(X!74 0.GTI8 yu yu - -2 0.818ä 0.ITl2 0.7810 0.0544 0G$5 0.®5ß 0.I!50 ya yu
07071 07N4 0.940 0.Gßw 0.¢Iß0 O1!)64 MIG yu yu - ·24 0.8¤4B 0.756 0.7077 Oßß 0.G@0 0.®00 0.% 00770 no yu 2.6515 -5 0.81072 0.8105 0EZ 0äN M3!) 0GßB yu yu - -

M ORDB4 0.8!5 082 0&$ 0(XYIIN 0.lXTI8 0.0Ul 0(D75 · - - - -

Table E38. Com · ivc Re•u}t• for Li¤I¢•— Network 10 Parameter Set 2
ultplu. uimuht. muthtcvul unnpum c¤¤!.int¤·v¤I Q‘in T‘in %m.5. Q! %mg. 1}

¤- ¤· lllß Mw ~> EE <=L <=¤ ~·=····¤· ···=··-·¤¤—1 0.81303 07075 0.7872 0!|l8 001178 0.0318 0(X)17 0.tX)18 yu yu
- -2 0.8>401 OSN4 0.7ß) 0QB 0(D172 0(X)18 0(D18 0¢!)18 yu no
-

4.4444
3 0.81MD 0.8171 0.7062 0& 0lITl20 0.<X!'I5 0¢I!I8 00770 yu yu - -4 0.7048 07782 0.8158 OJXNBB 0lX)02 O.(!!1 0.1X)04 yu yu - -
5 0.7002 0.751 0.¢7f8 0(I)170 0(X)18 0.¤)18 0!!>18 no yu 1.5640

-0 0% 0.$7‘2 07% 0.@14 0(I)1$ 0(D10 0.lß10 0(X¤) yu yu · -7 0.§!70 03 070% 0.Q17 O.¢Xß$ 0üB4 00104 011% yu yu - -8 OSTIN 07@ 078B 08161 0.027 0W 0(XE7 yu yu - -
0 0877ä 08121 07077 0@4 0.0El 0.1127 0.0100 0.¢IE7 yu yu - -10 0.81281 0.&M2 0.1016 0.8100 0.

• •»·/··
0.GD4 0.0123 0.0704 yu yu - ·11 O.81(§0 0.850 0.7Eß 0.8818 yu yu - ~

12 0.8%) 0.7048 07748 0.81$ 0(X555 04156 0.|.X)54 0.057 yu yu - -
18 08878 0.8111 0.7001 0.%2 0(XBß7 0(IB4 0.lID4 0üß yu yu · -
14 0&D4lI 0.851 07051 0.8151 001284 0.0120 0(XM 0wÜ yu no — 2.0000
15 0.81BO 08800 0.!§8 0.U45 001642 0.0167 0tIß5 0(X100 yu no - 4.1701
16 0.81477 0 ¢·· ·-7 0.7070 0.85N 0(Xß 0(XX!1 O.l1$0 0(XIB yu yu

- -17 0.HßM 0&1)4 0.7840 08158 0(Xß40 0.(X§5 0.tXß4 00ßO yu yu · -18 0.81077 0.7Wl 0.7777 08104 O.w707 0.0771 0GXD 0.GT!2 yu yu - -10 O.&77& 0.8148 0.7ßI 0@ 0.0)661 0l1ß7 0.050 0058 yu yu
- -Z) 0¤10 0.8187 07% 0.8% 0üß87 0üN) 0.¤$0 00161 yu yu
- ·21 070$ 0.7781 0.8140 0111752 0(X)75 0.11778 0.lXI77 yu yu
· -2 O.8!08 0.7% 0702 0.8ü 0(X$42 0.(Xß4 00ßQ 0(X)55 no yu $@7

-23 0.&107 07002 07'II) 0äB 00.ß40 0(D05 0lI& 0(lN7 ya yu - -
24 0i 0.7ä 0.7744 0.8110 MIX 0Ü 0(Xß8 00771 yu yu - -25 0.81510 0.«®14 0.7872 08156 0.<XI018 0.tD02 0.<X)01 0(D68 yu yu

- -
26 0.®458 0.8112 0.7821 08Z)8 0.lD707 0(XN1 041100 0(IU2 - - - -
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Table 12.84. Con· ive Reaulu for Links- Network 10 Parameter Set 8
link unapum. imnlnt. coutintnnl ¤n&.;¤¤m. cuußimnvnl Q‘i¤ T‘in %mg, Q‘ %m.g. Ta

<·> ¤~ ¤- Hä Mw > EE <=¤ GL ·«=·=··-— ··«··=·:··=1 8.11008 8.(XW0 7.4042 $6617 01XBß 0.(!B7 0(XB1 0.% yu yu
- -2 8.07% $$1 7.2740 0.4678 01XW58 NIE 0w78 00101 yu yu -

—
8 10(D407 10.0275 8.7540 l8.1¢X)4 0044% 0.049 0.0804 0ß88 yu yu - -
4 8.2 7.7ß0 0.4Ul 8.0&'!0 0.(ß128 0

-
·: •# 0.0050 0.tß47 yu yu - -6 0.7% $8107 8.% 0.I)14 001(51 0<!N7 0.CIü 0.01(ß no yu 10.0040 -0 8.80051 8.5024 78117 0.842 0(!N70 00101 0.ä 00118 yu yu - -7 0.108® $7618 7.75d) 0.7470 0.01848 001&) 0.0115 00144 yu yu - -8 0.20£ 8.7704 •~ • 0.8&B 0.01610 0.0145 0.0188 0.0167 yu yu - -

0 0.205N 8.1245 7.1407 0.1(D4 0.014S 0.01ü 0.0117 0.0148 no no 14.4107 12.7278
10 8.4ä87 8.2&7 7.5450 8.02/0 001107 0.0118 0.01tß 0.0127 yu yu - -1 1 0.40& 8.04ä 7.8761 0.01ß 0($24 01387 0.wü) 0®88 yu yu - -12 8.&U00 8.¤84 7.4714 0.1154 0% 0wi ‘

0.%) 0.w17 yu yu - -18 8.0772 0.61068 7.0124 0.742) 001$ 0.01% 00118 00148 yu yu
- -

14 8.8510 8.Ul70 7.1(ß1 0.ß‘XJ 001481 0.0148 0.0120 00101 yu yu - -16 0.02808 10.¤18 8.7008 1 1.81 ··*
0(B702 0.04lB 0.0840 00400 yu yu

- -10 10ßU 0.B41 8.2120 10.7554 0(B087 0(ß5B 0.®B 0.(ß00 yu yu - -17 8.7257 8.7087 7.7400 0.71% 0(ß54 0(D00 0¢ü4 0
• ·— ·‘·I yu yu —

·
18 0.20028 0.4171 7.782 11.1041 0.04% 00410 0G40 00470 yu yu - -10 0.(§<$ $$55 7.8127 0.ä 0.00117 0.(¤b 0(B57 01348 yu yu - -Z) 8.4848 8.8540 7.1508 0.8% 0@71 0„$ß 0.%8 0.0047 yu yu

- -21 8.77518 0.5007 7.7(B4 0.äl 0.04072 0.0401 0.0808 0.0480 yu yu - -2 8.04700 0.43% 7.9472 0.8778 01272 0.0040 0K0 no yu 10.0707 -28 8.%577 7.7IßO 0.7007 8.0602 0.@88 0.0811 0M‘78 0.w48 yu yu - -94 8.87¢X)1 $@5 0.8780 10.0177 0.(l007 QN70 0¢ü0 0.0402 3: yu
-

•

25 8.&18 7.0760 0.0M!7 0.41¢ß 0.$14 0.äI OW!1 0
•

·-
·‘·-:

no no 18.15% 11.5¤5
ü 8.58700 $1814 7.% 0.$)4 0(B754 0.(ß57 00817 0lB00 : · - -

—

Table E.85. OOII · ive Ruulu for Li¤k•— Network 10, Pu1mstcr Set 4
link unf,. pan. uixunlnt. ¤¤¤L intuvnl un!. ßom. muß intavnl Q‘ in Ti in 95111;. Q‘ %mg. ?‘

w <>~ ¤- E3 W -> HE ¤: ¤—:
¤·=-···¤·=— ·~¤··¤·=·1 8.®841 8.0188 7.1610 10.0750 0(XS70 0.(¤0 0(X!77 0.0115 yu yu

2 8.%042 $1774 7.4604 8l 0.¢XBß 0.@ 0(XE 0.G»5 yu yu
8 8.48488 8.47Z) 7.@7 0.0152 Ol! 0.|B88 0.AN08 0.04ä yu yu
4 SJXH77 7% 0.0104 8.7028 @@116 0.@0 0.@0 (INS yu yu
6 8.47% 8.5(!5 7.W70 0.% 0.0300 0.lXü 0.¤I4 001(2 yu yu
0 0%05 7.0077 0.0154 0.IXN7 0.01ß yu yu
7 8.8XßO 8.5& 7.0% 02 0.01% 0.01W 0.0114 0018 yu yu
8 8.88057 7.8W0 7.Wß 8.5454 001874 0.01% 0.0118 0.0141 yu yu
0 8.$401 8.1470 7.1417 0.1542 0018Q 0.01& 00110 0.0148 yu yu
10 &1&4 7.% 7.8185 8.U48 0.01150 0.0114 0.01lß 0.01% yu yu
11 8.$010 0.(D77 7.7470 10.4475 0¢@4 0.0852 0.@2 0.0401 yu yu
12 8.IW584 7.@7 0.Q40 8.4847 012704 0(M2 N1 yu yu
18 SAE7 8.¢ß10 7.183 8.§ 001ß4 00118 001(ß 00181 yu yu
14 8.1(XlD 8.1210 7.8587 $$50 0.01484 00148 0.01&> 00150 ya yu
15 8.80118 8.7558 7.20 10.&1 Olßä 0(B44 OABN 0.0401 yu yu
10 8.47¢ 8.1IXB 7.0088 0.25ß 0.08150 0.(¤! 0.¢%0 0(B40 yu yu
17 8.17ä) 8.&B8 Zß 021(2 0(HIS 0(R82 0(B68 0.(ß11 yu yu
18 8.81040 7.05ü 0.0188 8.ä 0.(ß0& 0.08& 0¢ß4 0(B78 yu yu
10 8.24586 0.15N 'I8!17 10.4481 0%7 0.¢B18 0.Q75 0.®02 yu yu
2) 8.10048 8.8511 0.0810 107712 0.(ß05 0.ßZ) 0(B54 0.tßU yu yu
21 8.18558 8.8117 7.7412 [E1 0.0411 0.®02 0.04G) yu yu
2 8.241 8.BX 7.8% 0.8784 0&707 0

~
M·: 0%2 00014 yu yu

28 8.0Gm 7.0%) 0.07U 8.575 0.(@2 0. ¤ ·: ·· 1 0.
•M-: 0.wGO yu yu

24 8.(B500 8.5ü4 7.8507 0.&1 0.®517 00008 0(B10 0.0417 yu yu
25 8.1 -»:·: ¤ 1.

-
M-: ß.1%8 8.5188 0.08185 0.%4 0.0201 0®27 yu yu

Z 8.14844 8.£00 7.2887 0.84N 0.<B5H) 0.<B02 0.®18 0.0406 : -



APPENDIX F
NETWORK TOPOLOGIES AND PARAIVIETER SETS FOR DYNANIIC AND

STATIC HIERARCHY COMPARISON

F.1. Network 1

Figure F.1. Static Hierarchy 1 Topology

Network 1, Parameter Set 3

Number of nodes: 3

Table F.1. Link Numbers and Ca acities— Network 1 Parameter Set 3
source destination

link node node ca • acit
1 1 1302.39001
2 2 2793.03760
3 2 1302.39001
4 3 2793.03760

Mean message length: ifl = 100.0 bits

Arrival rate matrix:
0.0 0.0 24.8270

F = 0.0 0.0 0.0
11.5768 0.0 0.0

— 182 -
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F.2. Network 2

0

0

0 0

Figure F.2. Static Hierarchy 2 Topology

Network 2, Parameter Set 3

Number of nodes: 4

Table F.2. Link Numbers and Ca • acities-— Network 2 Parameter Set 3
source destination

link node node ca • acit
1 5996.02490
2 3208.47754
3 3097.35010
4 1814.60254
5 2898.67505
6 1393.8750

Mean message length: [F1 = 100.0 bits

Arrival rate matrix:

0.0 0.0 16.1298 12.390
0.0 0.0 0.0 0.0

P = 27.5320 0.0 0.0 0.0
25.7660 0.0 0.0 0.0
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F.3. Network 3

0

0

0 0 0

Figure F.3. Static Hierarchy 3 Topology ·

Network 3, Parameter Set 3

Number of nodes: 5

Table F.3. Link Numbers and Ca acities— Network 3 Parameter Set 3
source destination

link node node ca • acit
1 2 1 7490.04736
2 1 2 5127.29980
3 3 2 2700.24756
4 2 3 1671.56995
5 4 2 2330.59497
6 2 4 884.09253
7 5 2 2496.20508
8 2 5 2571.63745

Mean message length:
}1“1

= 100.0 bits

Arrival rate matrix:

0.0 0.0 14.8584 7.8586 22.8590
0.0 0.0 0.0 0.0 0.0

P = 24.0022 0.0 0.0 0.0 0.0
20.7164 0.0 0.0 0.0 0.0
21.8596 0.0 0.0 0.0 0.0
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F.4. Network 4

0

0

0 0 0 0

Figure F.4. Static Hierarchy 4 Topology

Network 4, Parameter Set 3

Number of nodes: 6

Table F.4. Link Numbers and Ca • aeities— Network 4 Parameter Set 3
source destination

link node node ca • acit
1 1 9871.8750
2 2 13359.3750
3 2 2742.18750
4 3 2868.750
5 2 1673.43750
6 4 3037.50
7 2 3037.50
8 5 3656.250
9 2 2418.750
10 6 3796.8750

Mean message length:
p"‘

= 100.0 bits
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Arrival rate matrix:
0.0 0.0 25.50 27.0 32.50 33.750
0.0 0.0 0.0 0.0 0.0 0.0

P- 24.3750 0.0 0.0 0.0 0.0 0.0—
14.8750 0.0 0.0 0.0 0.0 0.0

27.0 0.0 0.0 0.0 0.0 0.0
21.50 0.0 0.0 0.0 0.0 0.0



- 187 -

F.5. Network 5

0

0

0 0 0 0 0

Figure F.5. Static Hierarchy 5 Topology

Network 5, Parameter Set 3

Number of nodes: 7

Table F.5. Link Numbers and Ca • acities— Network 5 Parameter Set 3
source destination

link node node ca • acit
1 2 1 10080.42676
2 1 2 12738.1953l
3 3 2 3225.39746
4 2 3 3067.71753
5 4 2 1075.90503
6 2 4 2305.91260
7 5 2 2540.04761
8 2 5 2284.31250
9 6 2 2274.00757
10 2 6 1986.20996
11 7 2 965.09253
12 2 7 3094.04248

Mean message length: p"} = 100.0 bits
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Arrival rate matrix:

0.0 0.0 27.2686 20.4970 20.3050 17.6552 27.5026
0.0 0.0 0.0 0.0 0.0 0.0 0.0

28.6702 0.0 0.0 0.0 0.0 0.0 0.0I”=
9.5634 0.0 0.0 0.0 0.0 0.0 0.0

22.5782 0.0 0.0 0.0 0.0 0.0 0.0
20.2134 0.0 0.0 0.0 0.0 0.0 0.0
8.5786 0.0 0.0 0.0 0.0 0.0 0.0
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F.7. Network 7

0

0

0

0

0

Figure F.6. Static Hierarchy 7 Topology

Network 7, Parameter Set 2

Number of nodesz 5

Table F.6. Link Numbers and Ca • acities— Network 7 Parameter Set 2
source destination

link node node ca • acit
1 2 . 1 3466.03491
2 1 2 966.64502
3 3 2 3466.03491
4 2 3 966.64502
5 4 3 3466.03491
6 3 4 966.64502
7 5 4 3466.03491
8 4 5 966.64502

Mean message length: ;1'1 = 100.0 bits
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Arrival rate matrix:

0.0 0.0 0.0 0.0 2.1481
0.0 0.0 0.0 0.0 0.0I‘=
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0

7.7023 0.0 0.0 0.0 0.0
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F.8. Network 8

G

G G G

G G

G

Figure F.7. Static Hierarchy 8 Topology

Network 8, Parameter Set 2

Number of nodes: 7

Table F.7. Link Numbers and Ca • acities— Network 8 Parameter Set 2
source destination

link node node ca • acit
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: u'1 = 100.0 bits
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Arrival rate matrix:

0.0 6.50 8.20 6.0 4.20 4.70 2.90
5.20 0.0 5.20 3.40 2.80 3.0 2.90
8.80 4.90 0.0 5.30 6.20 4.70 3.80I”=
7.50 5.30 5.60 0.0 2.70 2.70 2.40
5.20 3.80 5.10 3.60 0.0 2.60 4.50
4.50 2.90 6.10 2.50 2.50 0.0 1.40
4.20 1.80 4.80 2.30 4.80 2.80 0.0

Network 8, Parameter Set 3

Number of nodes: 7

Table F.8. Link Numbers and Ca • acities-— Network 8 Parameter Set 3
source destination

link node node ca • acit
1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: p'1 = 100.0 bits

Arrival rate matrix:

0.0 26.0 32.80 24.0 16.80 18.80 11.60
20.80 0.0 20.80 13.60 11.20 12.0 11.60
35.20 19.60 0.0 21.20 24.80 18.80 15.20I”=
30.0 21.20 22.40 0.0 10.80 10.80 9.60
20.80 15.20 20.40 14.40 0.0 10.40 18.0
18.0 11.60 24.40 10.0 10.0 0.0 5.60
16.80 7.20 19.20 9.20 19.20 11.20 0.0
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Network 8, Parameter Set 6

Number of nodesz 7

Table F.9. Link Numbers and Ca • acities— Network 8 Parameter Set 6
sourcedestinationlink
node node •

1 2 1 10125.0
2 1 2 11340.0
3 3 1 22410.0
4 1 3 21285.0
5 4 1 11790.0
6 1 4 10395.0
7 5 3 16390.0
8 3 5 14310.0
9 6 3 8955.0
10 3 6 9225.0
11 7 5 9315.0
12 5 7 8055.0

Mean message length: if! = 100.0 bits

Arrival rate matrix:

0.0 22.0 27.20 20.40 14.40 16.0 10.0
17.60 0.0 16.40 11.60 9.20 9.60 8.80
27.20 16.40 0.0 18.40 17.20 12.40 11.20

I"' = 25.20 17.20 17.20 0.0 7.20 9.60 7.20
17.60 12.40 15.60 12.0 0.0 7.60 14.40
14.40 10.0 17.60 9.20 6.80 0.0 4.0
14.40 6.0 15.60 7.60 14.40 8.0 0.0
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F.9. Network 9

0

0 0

0 0 0

0 0 0 0

Figure F.8. Static Hierarchy 9 Topology

Network 9, Parameter Set 2

Number of uodcs: 10
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Table F.10. Link Numbers and Ca • acitie0— Network 9 Parameter Set 2source destination
node node ca acit

1 2 1 1403066211
2 1 2 14405.1748O
3 3 1 10822.6123O
4 1 3 10712.1377O
5 4 2 22613.0625O
6 2 4 21019.1621l
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.7871l
12 4 7 12326.5l270
13 8 4 l3912.31250
14 4 8 1195470020
15 9 4 12591.90039
16 4 9 11567.92480
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length: p'l = 100.0 bits

Arrival rate matrix:
]" =

·

00 0.1066 0.0260 6.216 6.0606 1.1106 21006 0216 01016240101.4260
0.0 6.1016 0.0640 0.0416 06166 6.0606 1.0000 4.0006 0.000

0.0006 6.0206 0.0 2010 00000 18.8170 1.0 1.216 1.1006 1.4010
4.0040 11.2006 24100 0.0 4.6010 24100 101006 120206 100000 1.0640
4.8446 0.0026 24010 6.2006 00 22006 6.6610 4.6610 0.6210 100120
6.0000 4.4010 16.1016 01066 22006 00 1216 1.0 1.0 1.0040
02216 0.äSB 20 16.6000 0.6210 1.0 0.0 11.0100 04010 2216
00600 0.4010 1.1246 16.6610 1.6000 1.0 120100 00 0.1406 1.1006
0216 1.1406 24010 16.20u 8.012) 1.0 0.6006 0.0266 00 22606
00100 1.6110 24010 0.6010 14.0416 1.4010 00420 26000 00 00

Network 9, Parameter Set 3

Number of nodesz 10
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Table F.11. Link Numbers and Ca • acities— Network 9 Parameter Set 3
source destination

link node node ca • acit
1 2 1 14030.6621l
2 1 2 14405.1748O
3 3 1 10822.6123O
4 1 3 10712.1377O
5 4 2 22613.06250
6 2 4 21019.16211
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.7871l
12 4 7 12326.5127O
13 8 4 13912.31250
14 4 8 11954.7002O
15 9 4 12591.90039
16 4 9 11567.9248O
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length: p"l = 100.0 bits

Arrival rate matrix:
1" =00 16.6110 11.6600 124460 11.1010 14.35Ü 64160 6.4660 6.6660 4.0040

·

14.660 0.0 10.2660 11.0260 126660 1.6660 166110 14.1160 0.6110 16.060
16.1100 11.2610 00 6.620 6.0120 M.0840 20 2.4660 6.4610 20040
0.0660 24610 4.6260 00 0.1620 4.6260 2l.60&) 24.66l) 201620 14.1060
0.6600 11.6060 4. · :»-

·
10.6000 0.0 4.6600 11.1140 0.1 -

». • 16.0420 26.1440
16.1060 6.6140 60.2660 6.6110 4.6600 00 24660 20 20 6.0660
6.4660 124610 LO 61.1660 160420 20 00 21660 16.0640 4.4550
1.0160 16.0640 6.4400 61.1140 16.1660 20 24.15G) 00 10.4010 64610
6.4660 14.2000 4.000 8).5870 12020 20 11.6110 10.6660 00 4.6600
6.1660 16 ~.• 4. :».~ 16.110 26.6660 20040 6.060 60060 6.0 00

Network 9, Parameter Set 4

Number of nodes: 10
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Table F.12. Link Numbers and Ca • acities—— Network 9 Parameter Set 4
source destination

link node node ca • acit
1 2 1 14030.6621l
2 1 2 14405.1748O
3 3 1 10822.6123O
4 1 3 10712.1377O
5 4 2 22613.0625O
6 2 4 21019.1621l
7 5 2 15782.6250
8 2 5 15633.0
9 6 3 8350.42480
10 3 6 7504.31250
11 7 4 12672.78711
12 4 7 12326.5127O
13 8 4 13912.3125O
14 4 8 1 1954.70020
15 9 4 12591.90039
16 4 9 11567.9248O
17 10 5 9933.86230
18 5 10 9083.58789

Mean message length: p'l = 100.0 bits

Arrival rate matrix:
F i0.0 16.6110 11.6620 12.4460 11.1010 14.6600 64160 6.4550 6.66604.004014660

0.0 10.2660 11.0¤0 126660 1.6660 166110 141160 0.6110 16.060
18.17R) 11.2610 0.0 6.620 60120 26.6640 20 2.4660 64610 20040
0.0660 24670 4260 0.0 0.1620 4.6260 21.6060 24.6600 261600 14.1060
0.6600 11.6060 4.0620 10.6000 0.0 46600 11.1140 0.1020 160420 26.1440

16.1060 6.6140 60.2660 66110 4.6600 0.0 2.4660 20 20 6.0660
64660 12.4610 4.0 61.1660 160421 20 0.0 21660 160640 4.4660
1.0160 160640 64400 61.1140 16.1660 2.0 241660 0.0 10.4010 64610
64660 14.2000 40040 8).5870 12.0040 2.0 11.6110 10.6660 0.0 4.58®
61660 16. M- 40620 161140 266660 20040 60640 6.0060 60 0.0
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F.10. Network 10

0

0 0 0

0 0 0 0

0 G9 0 ® ® ®

Figure F.9. Static Hierarchy 10 Topology

Network 10, Parameter Set 1

Number of uodes: 14
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Table F.13. Link Numbers and Ca • acities— Network 10 Parameter Set 1
source destination

link node node ca • acit
1 2 1 103883.54688
2 1 2 104707.39063
3 3 1 24906.7793O
4 1 3 28910.00l95
5 4 1 102578.96094
6 1 4 9566$.52344
7 5 2 75669.59375
8 2 5 67953.78125
9 6 2 69186.84375
10 2 6 7859574219
11 7 4 28868.19727
12 4 7 32476.65625
13 8 4 7622421875
14 4 8 6344464453
15 9 5 28241.97656
16 5 9 30086.48242
17 10 5 _ $2904.62891
18 5 10 25609.02734
19 11 6 $2242.00586
20 6 11 $0702.08203
21 12 6 24007.11719
22 6 12 $3326.01172
23 13 8 27774.04492
24 8 . 13 25831.1914l
25 14 8 29227.02734
26 8 14 25537.76953

Mean message length: p'l = 100.0 bits

Arrival rate matrix:
F i00 61400 11.0010 5.8ßM) 61416 106066 106260 0.0000 11.1160 61044 16.1064 00400 11.0440 0.2066|

106016 00 102410 1.4006 0.1106 121160 14.0446 1.1102 11.0412 4.0110 66000 8.%4B 0.6104 0.6646
0.1066 0.6624 00 11.4616 0.0446 6.6161 0.0144 16.2611 6.6010 20662 0.6000 11.6462 11.6216 6.6612

14.0004 0.4046 803981 00 0.0121 6.0141 4.0016 60606 0.0060 1.0606 14.1161 121010 1.1100 62121
1.4601 62104 4.6610 11.6410 00 0.4002 8.8118 126111 0.4661 126104 161060 0.1060 11.4000 0.6000

14.0141 66010 0.1460 100140 6.0600 00 14.1100 0.0066 121060 104000 6.1226 11.1116 1.6006 0.1020
1.2611 0.6420 0.0610 6.6410 160601 1.1110 00 0.6000 10.6206 0.6161 164001 160201 11.0006 4.2600
66600 0.0166 14.4240 11.1641 1.1201 11.0266 160000 0.0 11.1426 14.0600 10.75ß 0.0126 1.6000 16.6000

16.1616 24666 14.4000 1.624 0.0600 1.0600 8.75ü 1.6610 00 4.1466 16.6460 0.1064 11.6646 124000
100011 161664 6.6424 124104 14.1110 14.0661 16.2146 4221 0.6060 00 0.2400 16.0062 64006 14.4206
161660 101626 0.1210 1.0066 16.6624 121046 166666 0.6640 11.6104 6.4400 0.0 160006 1.0126 4.1606
4.0404 1.0010 4.6101 1.6601 6.1000 16.2662 11.0464 0.0466 0.2162 120166 6.w66 00 11.8453 64060
18.808 14.0461 14.m60 6.0001 61602 20111 0.6600 1.0110 11.400 0.0621 1.1064 0.2611 00 120011
0.0606 1.6210 16.2600 16.1401 4.1660 121641 0.6041 4.0064 6.6210 0.0004 102100 14.0266 0.0006 00
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Network 10, Parameter Set 2

Number of nodes: 14

Table F.14. Link Numbers and Ca • acities— Network 10 Parameter Set 2
source destination

link node node ca • acit
1 2 1 10388$.54688
2 1 2 104707.39063
3 3 1 24906.7793O
4 1 3 28910.00l95
5 4 1 102578.96094
6 1 4 95663.52344
7 5 2 75669.59375
8 2 5 67953.78125
9 6 2 69186.84375
10 2 6 78595.74219
11 7 4 28868.l9727
12 4 7 $2476.65625
13 8 4 76224.21875
14 4 8 6$444.6445$
15 9 5 28241.97656
16 5 9 $0086.48242
17 10 5 $2904.62891
18 5 10 25609.027$4
19 1 1 6 $2242.00586
20 6 11 $0702.08203
21 12 6 24007.11719
22 6 12 $3326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.027$4
26 8 14 25537.76953

Mean message length: ;1'l = 100.0 bits
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Arrxval rate matnx:
F =

0.0 57488 11.(!18 5.8840 0.7470 10.535 10.0260 0.00N 11.1700 8.7044 10.1004 0.098 11.0440 0.2ß8
10.6818 0.0 10.2478 7.4(Xß 0.1785 127708 14.8440 7.11ü 11.8412 4.8178 5.3 8.248 8.8704 85845
0.1800 0.0024 0.0 11.4875 88440 0.8101 0.0744 18271 0.5070 2.®02 8.0800 11.04Q 11.0210 0.5672

143B4 0.4848 8.881 0.0 0.0121 0.0147 4.0018 5.3 8.8850 7.883 14.7107 12.1070 7.173 8.2727
7.4887 82184 4.6570 11.8410 00 0.4&2 8.8118 12.0711 0.4501 12.5104 15.10U 0.7850 11.4N8 0.0(ID

14.0147 5.5070 0.14M) 10.8748 5.33 0.0 14.11$ 01158 127850 1044D8 0.12 11.1770 1.0% 0.1%
7.2011 8.842 0.0510 0.8470 15.37 7.7170 00 8.08$ 180200 0.5157 184887 183 11.®00 4.23
80800 0.0108 14.429 11.1547 7.721 11.26 18Gü 00 11.142 14.33 10.7508 8W% 7.&XXI 180800

187010 24056 14.408) 7.024 0.8588 7.803 8.7582 7.5510 0.0 4.7485 15.8408 0.1004 11.5845 12.4¢N3
10.(»77 151554 0.0424 124104 147710 14.0551 182740 4.287 0.5008 00 0.2408 10.0802 5.4¢.X)0 144501
157000 10.7028 0.1270 7.058 10.0024 121045 15.5000 0.0840 11.5704 0.4488 00 15.0<B8 7.0725 4.7085
4.0404 7.0870 4.8701 7.5Nl 0.1IN 182052 11.0484 8.0450 0.2102 120700 8.25 00 11.8458 5.408)
18.38 140457 147850 0.EWl 5.3 2W77 0.058) 7.8118 11.43 8.327 7.1854 8277 00 12.371
0.0GB 7.5210 10.200 10.791 4.70& 12.1041 0.5041 4.34 0.5210 0.0804 10.2700 14.25 8.

• I·:~¢ 0.0

Network 10, Parameter Set 3

Number of nodes: 14
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Table F.15. Link Numbers and Ca • acitie6— Network 10 Parameter Set 3
source destination

link node node ca • acit
1 2 1 10388$.54688
2 1 2 104707.$9063
3 3 1 24906.7793O
4 1 3 28910.00195
5 4 1 102578.96094
6 1 4 95663.52$44
7 5 2 75669.59$75
8 2 5 6795$.78125
9 6 2 69l86.84375
10 2 6 78595.74219
11 7 4 28868.19727
12 4 7 $2476.65625
13 8 4 76224.21875
14 4 8 6$444.6445$
15 9 5 28241.97656
16 5 9 $0086.48242
17 10 5 $2904.62891
18 5 10 25609.027$4
19 11 6 $2242.00586
20 6 11 $0702.08203
21 12 6 24007.11719
22 6 12 $3326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.027$4
26 8 14 25537.76953

Mean message length: [fl = 100.0 bits

Arrival rate matrix:
F T

}
0.0 11.4016 21666 11.6660 164062 21.1610 21.260 16.1616 26666 17.58S 62212 16.0066 20606 164126I

21.1626 00 2.4066 14.6012 166410 26.6626 2.6602 14.2664 %.6&4 0.6666 11.1116 16.4666 161406 1.0600
162160 10.6046 0.0 26160 1.6602 --=» 10.0466 26.6642 16.0140 40124 11.6106 26224 22462 161144
2.6166 16.0666 61662 0.0 16.0042 12.0004 0.0606 11.6166 11.6116 16.1012 2.4664 24.2166 14.6616 166464
14.6114 6.4666 0.1166 ~-:».· 00 16.0604 11.6266 25.842 16012 25.Wß $1.8988 10.610 26166 10.216
26204 11.0140 18.29m 21.1406 11.1660 00 2.278 l8.0l® 26.610 206166 122462 26662 66012 166666
14622 166666 10.0000 126040 601214 154858 00 11.6616 21.2602 10.0614 266114 %.(574 20102 8.5686
1.2160 10.6606 26.6460 26004 16.4400 28165K) 26.1106 0.0 2262 20.1660 21.51% 11.0460 15.®l8 01.6106

21.622 4.0610 26.0660 16.2666 10.1066 16.1660 11.6164 16.1066 0.0 0.4610 606026 18.212 260600 24.6166
201064 60.6106 16.266 24.6666 20.6420 2.0100 26.6402 64414 10.1066 00 164066 620124 l0.&)12 2.6410
616666 21.6046 16.2666 14.0106 66.6246 24.2000 61.1662 10.2606 26.1666 12.6666 0.0 61.6166 16.0460 06010
0.661: 16.6140 8.75ä 16.082 126616 26.6604 20666 16.0012 164624 26.0662 1.6660 00 266006 100660

21.1666 20.6014 20.610 166160 11.4164 4.1664 10.6060 166266 2660 11.1264 14.211: 16.4164 0.0 24.1742
16126 16042 626106 88.4HB 0.6666 24.6262 10.1662 6.1126 16042 10.0166 2.661: 2.6660 16.1166 00
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Network 10, Parameter Set 4

Number of nodes: 14

Table F.16. Link Numbers and Ca • acities— Network 10 Parameter Set 4
source destination

link node node ca • acit
1 2 1 10388$.54688
2 1 2 104707.39063
3 3 1 24906.7793O
4 1 3 28910.00195
5 4 1 l02578.96094
6 1 4 95663.52344
7 5 2 75669.59375
8 2 5 67953.78125
9 6 2 69186.84375
10 2 6 78595.74219
11 7 4 28868.19727
12 4 7 32476.65625
13 8 4 76224.21875
14 4 8 63444.64453
15 9 5 28241.97656
16 5 9 30086.48242
17 10 5 32904.6289l
18 5 10 25609.02734
19 11 6 $2242.00586
20 6 1 1 $0702.08203
21 12 6 24007.11719
22 6 12 33326.01172
23 13 8 27774.04492
24 8 13 25831.1914l
25 14 8 29227.02734
26 8 14 25537.76953

Mean message length: p'1 = 100.0 bits
”
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Arrxval rate matnx:
P =

0.0 11.076 21686 11.6% 18.4952 21.1670 21.250 18.1878 28588 17.5$8 2.2128 18M66 2.88 18.41%
21.16% 0.0 2056 14.8712 18.8470 25.5% 29.6892 14.24 2.6824 9.6856 11.1776 16.46% 16.748 7.0690
182782 19.8248 0.0 28750 7.6892 12 ··= M 19.9488 26.5842 18.010 4.0724 17.878 %.2924 28.248 18.1144
29.6168 189% 6.782 0.0 18®42 12.%4 9.9% 11.67% 17.6718 15.7012 29.484 24.2158 14.8576 16.5454
14.8774 6.488 9.1158 22 0.0 189$4 17.626 25.842 18912 25. M

•!
$.8988 19.570 281% 19.2118

28.294 11.010 18.%% 21.7% 11.7% 0.0 228 18.0106 25.570 281% 12.2452 28552 8.8972 188658
14.5% 16.6858 19.8% 12U0 $.1274 15.4858 0.0 17.878 27.2592 19.814 %.8774 %.874 20'I92 8.5666
7.278 19.88% 28% 2&»4 15.44lB 2.658 %.1796 0.0 22852 2.7860 21.51% 17.9450 15.2118 27.878

27.5% 4.9810 8%) 182568 19.7066 187% 17.5164 15.1% 0.0 9.4870 $.$% 1821% 2068 24.8186
$.1954 $.818 18.848 24.8888 2.542) 29.912 %.548 84474 19.1986 0.0 1849% 82.0l24 10.K)12 28412
81.5888 21.5246 18.%58 14.01% 88.8248 24.%90 81.1% 19.%8 %.1588 12%6 0.0 81.8166 15.9450 9.5270
983 15.8740 8.7582 15.072 12.818 %.5$4 2% 16.0912 18484 25.9582 7.658 0.0 %.Gl!6 10.%0

27.7886 29.$14 %.570 1861
S·•

11.4764 4.1554 19%) 15.6%6 281 17.7%4 14278 16.4754 0.0 24.1742
181% 1804% 82.518 88.4Eü 9.5888 24.2 19.1% 8.17% 18.04% 19.0788 2).558 %.65$ 16.1766 0.0



APPENDDC G
SIMSCRIPT H.5 DYNAIVIIC HIERARCHY SIIVIULATION SOURCE CODE

The simulation experiments are performed as follows:

For each dynamic hierarchy topology/parameter set combination:

(1) Prepare a data set according to file format 1 (Figure G.1).

(2) Include the data set in a file with the SIMSCRIPT source code.

(3) Submit the file for compilation and execution.

(4) Receive the output file of results (and listing).

The output file contains a report of statistical observations for each batch and a report of

statistical estimates accumulated over all batches.

The following notation is employed in all of the file formats:

• An item in angle brackets
(‘<

. . .
>’)

describes a required data item and indi-

cates the position at which it is expected.

• An item in braces
(‘{

. . .
}’)

provides additional description of a data item but

does not appear in the input file.

• A numeric data item (for example,
‘1’

or
‘2’)

is entered in the input file as

shown.

- 205 -
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<number of batches>
<number of observations>
< t1_a/2_„_1> { t statistic for confidence interval }

{ construction, n = number of batches }
<number of nodes> { N}
<number of environment states> { M }
<F(1)> { traffic matrix for environment state 1 }
<l”(2)> { traffic matrix for environment state 2 }

<l”(M)> { traffic matrix for environment state M }
1 <source node> <destination node> <link 1 capacity> { for link 1 }
2 <source node> <destination node> <link 2 capacity> { for link 2 }

<L> <source node> <destination node> <link L capacity> { for link L }
<u'1> { mean message length }
<environment process generator>
<environment stationary probabilities>
1
<node 1 routing table- nodes>
<node 1 routing table- links>
2
<node 2 routing table- nodes>
<node 2 routing table- links>

<N>
<node N routing table- nodes>
<node N routing table- links>

Figure G.1. File Format 1- Dynamic Hierarchy Simulation

Routing tables for node i are constructed as follows:

Node i routing table- nodes:

1 <next node>
2 <next node>

<i — 1> <next node>
<i + 1> <next node>
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<N> <next node>

Node i routing table— links:

1 <next link>
2 <next link>

<i — 1> <next link>
<i + 1> <next link>

<N> <next link>

In the first table, a line of the form
‘j

<next node>° means that for a message at node

i, if it is destined for node j, then the next node in its path is <next node>. In the

second table, a line of the form
‘k

<next link>’ means that for a message at node i, if

the next node in its path is k, then the next link on which it must be transmitted is

<next link>. If nodes i and k are not directly connected, then <next link> = -1.

1/xxxxxxxx Jos xxxxx,nxoosr,¤rcrou-son:,1-1::::-1
1·1.oucxu xxxxx
/*-IOBPARM x.rur:s-•
/*PRIORI'.l‘Y rm.:
/~¤ou·rn nrw: v:41.xxxxx
//STEP1I2l!!C srnzsctc,
/1 PARK.SIH¤'!•0AD,ID,'l'RACl2,NOTERH,ClK,RlN¤NEN’
//SIM.SYSIN nn

·

' ' File: dynhier enscrpt

' ' lodeler/Progrenner: Robert L. loose, Jr.
' ' Dept. ot Conputer Science

' ' Ve. Tech’
' Blecksburg, VA 24060’
' Model: Network ol M/M/l queue in e rendon environnent (R!:—netuork)’
' es e nodel ot the dyhenic hiererchy.

’ ’
Modeling History:

" ll-18-86 Robert L. loose, Jr.

' ' Initiel inplenentetion.

' ' 02-05-87 Robert L. loose, Jr.’ ’
Beginning ot conversion to SIMSCRIPT II .5.

' ' 05-08-87 Robert L. loose, Jr.

' ' credibility eesesenent.

" 05-28-87 Robert L. loose, Jr.
' ' Conversion to betch neene experinentel design.
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' ' Purpose:’ ’
Sinulate (1n SIMSCRIPT I!.5) a network of M/M/1 queues ln a randon

' ' environnent (lE—network), which forns the bas1c theoretical nodel of

' ' the dynanic hferarchy. collect est1nates necessary to construct

' ' confidence intervals for various statistics of 1nterest. These

' ' confidence intervals and the correspond1ng point estinates are used

' ' to study the 1npact of approxinations enployed 1n a queuelng nodel

' ' of the dynan1c hierarchy.

' ' Syste! description:

'
’

The dynanlc hierarchy 1a a network architecture that represente a
' ' generalizetion of the conventlonal tree-structured architecture in

' ' which the network operates under a centrallzed, hierarchlcal node of

' ' control. A dynenic topology 1s enabled by allowlng the apex of the
' ' hierarchy to vary anong a spec1f1ed set of nodes. Under each of the
' ' resultant tree-structured tcpologies, the root (apex) node exersizes

' ' prinary control. Secondary capab1l1t1es filter down through the

' ' renainder of the network in a hierarchical nnnner.

' ' External to the network, there ex1st nultiple s1tuat1ons. An apex
'
’

node (and the corresponding topology) 1s designated as the one nost

' ' benef1c1aal for each s1tuat1on. The network always conforns to one of

' ' the specified topologies. When a s1tuat1on change occurs, the network

' ' undergoes a trans1t1on, with the appropriate node beconing the apex

' ' of the reoonflgured topology.

' ' The external s1tuat1ona are consldered states of an environnent,

' ' wh1ch 1s included as part of the systen of lnterest.
' ' Message traffic in the dynanic hierarchy 1s handled 1n a
' ' store—and-forward fashlon. A nessage arrives to 1ts source node fron

' ' outside the network. Then for each node and l1nk 1n the path of the

' ' nessage to 1ts dest1nat1on, the nessage 1s stored 1n the queue for the

' ' designated outgoing link fron the node. After reach1ng the front of

'
’

the queue, the nessage 1s transnltted tc the next node 1n its path.
' ' Fixed, shortest path nessage rout1ng 1s used. Th1s process cont1¤ues

' ' unt1l the nessage reaohes lts dest1nat1on node. The nessage then
' ' departs the network.

' ' Model description:

' ' The dynsnic h1erarchy 1s nodeled as a network of M/M/l queues 1n

' ' a randon environnent (an IE-network) . The environnent 1s assuned to

' ' be an M state, 1rreduc1ble Markov process E
-

(E(t): t
>•

0) . On

" (¤(¢)
·

1)
' ' - nessages w1th source node j and destination node k (jk'IlIIl§CI)

' ' arr1ve accord1ng to a Peissen processs w1t rate ganna( 1, j , k).

' ' - the length of a nessage enterlng service at any link 1 1s

' ' (re)assignned accord1ng to an exponential d1str1bution with nenn
' ' 1/nu.

' ' Other nodellng assunptions include the following:
' ' - given the state of the env1ronnent process, the arrival processes

' ' fron outside of the network (external arr1vsl processes) are

' ' nutually 1ndependent, the nessage length (serv1ce) processes are

' ' nutually 1depend•nt, and the collect1ons of external arr1val

' ' processes and nessage length processes are independent.
' '

— ncdnl process1ng tlnes are negl1g1ble.

' '
— nesssges pass through the network in a store-and—forward fashion

' ' over fixed paths (of llnks) .’
'

— first-co¤e—f1rst-served queue w1th unl1n1ted buffer space for

' ' each 11nk.

' '
— each link transn1ts 1n one d1recct1on. Bidirectional trnnsnission

' ' 1s enabled by connecting nodes with l1nk pa1rs.

' ' Experinental des1gn:

' ' A s1ngle run cons1st1ng of nult1ple bstches 1s run. The lengths
' ' of the transient period and of each batch depend on the values

' ' spec1f1ed for nunber of transfent per1od observat1cns and batch size,

' ' respectively. 0hservat1ons during the transient period are deleted.
' ' stat1st1cs accunulated over all bstches include: Mean and variance of

'
’

queue length for each 11nk. Mean and variance of delay at each link.

' ' Mean and var1ance of network nessage delay. Additionally, a

' ' confidence 1nterval 1s constructed for each of these statistics.

' ' Observations of the above and other stat1st1cs are printed for each

'
’

batch. Lastly, for ver1f1cat1on purposes, observations of nean

' ' interarrival t1ne and nean service t1ne nay be collected and printed.

' ' Inplenentation sunnary:

' ' The process and entity types 1n this inplenentation are:
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' '
— nsggen: generate a Po1sson process in a randon envlronnent ol

' ' jk—nessages tor a given source/destination pair jk.’ ’
- nessage: describe and execute the novenent ot a nessage

' ' through the network.

' ' - node: passive object type (defined as tenporary entity)

' ' representing a network node. contains routing tables tor the

' ' node.

' ' - tllnk: describe and execute the actions ol a link and the

' ' attached queue.

' ' - environnent: generate a Markov process ol states ol the external
' ' environnent. Also, restart processses waiting lor envlronnent

'
’

trsnsition (see notes).

' ' Top level procedures are:

' '
— gennet: create network links.

' ' - inpnetparanz read network paraneters.

' '
— lnpsinparanz read slnulation paraneters.

' '
— reportbatch: print per bstcb statistical observations.

' '
— linalanalysis: calculate and print statistics accunulated over

' ' all batches.

' ' - lnltstate: choose 1n1tlal envlronnent state.

' '
— transitlon: choose next environnent state and tine ol next

' ' transition.

' '
— batchreaet: reset the per batch accunulation variables at the

' ' end ol the trana1ent period and alter each batch.

' ' Inplenentation notes:

' ' (1) A °°nsggen°° object 1s created lor each source/destination node

' ' pair jk (j I- k) . These processes all draw lron the sane

' ' randon varlate strean but the resultant IIIIVII. processes are

' ' assuned to be independent.

' ' (2) In general, the generation ot a lull 1nt•rarr1val 1.nterval(II)

' ' requires the generation ol nulttple, unsuccesalul 1nterarr1val

' ' intervals. An unsuccesslul II is one that would put the tina

' ' ol the next arrlval past the t1ne ol the next envlronnent

' ' transition. Upon generat1ng an unsuccesslul II, the

' ' °°nsggen°° enters a queue in the °°env1ronn•nt°° object and’ ’
then becones passive. Alter an envlronnent transition, the

' ' °°env1.ronnent°° actlvates all object walting 1n its queues. A’ ’
successful II is one that puts the tine ol the next arrival

' ' betore the t1ne ol the next environnent transltlon. A

' ' °°nsggen°° alternates between generatlng IIs and waiting in an

' ' °°env1ronnent°° queue until it generates a succesalul II .

' ' The arrivsl then occurs at the designated tine.

' ' (3) The °°tl:I.nk°° objects all draw (neasage ICIQZHI) lron the ssne

' ' randon varlate atrean. Iowever, the resultant service

' ' processes are assuned to be lndependent.
' ' (4) The generation ol tull service tlnes lollows a achene slnilar

' ' to the one described above lor generating interarrlval’
' intervals. ”Tl1nk” objects wait ln a separate queue 1n the

' ' °°environnent°°.
' ' (5) A ”nessage°° object selecta the next node and link in its path
' ' by inspecting the routlng tables ol the current °°n¤de°° object.

' ' (6) A °°tl:I.nk” nay be idle (suspended) because: (a) lt is awa1t:I.ng

' ' arrrlvals or (b) lt 1s wa1t1ng in the ”env1ronnent°° queue. An
' ' arriving °°neasage°° only activates an idle °°tl1nk°° il 1.t ia
' ' 1dle tor reason (a).

' ' (7) To deternine the next environnent process state, a

' ' condltional cunulative distribution is needed. Given that the

' ' current state 1s 1, the required CD? 1s conputed by snnning

' ' nornalized elenents ol row 1 cl the inlinteslnal generator ot
' ' the environnent process.

' ' (8) All objects are created once and used ler all batches.’
' (9) Output statenents tor printing an executlon trace are

' ' preceded by the oonnent ntrace d1ags”.

'
’

(10) Statenents used :I.n the verillcation process are preceded

' ' by the connent °°ver1l°°.

' ' (ll) Statenents used to conduct pilot runs are preceded by the

' ' connent “p11ot”.

' ' (12) This sinulation ogiginally used the nethod ol repllcattons

' ' as the basis tor the experinental design. The general progran
' ' structure and placenent ol sone data structures nay rellect

' ' this lact.

"
eeeeeeeeaeeeeeeeeeaeeeeeeeeaeeeeaeeeaeeeaeeeaeeeeeaeueeaeeaeaaeaeeeaee

PREAHBLE
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DEFINE AS . INT TO MEAN AS INTEGER VARIABLE
DEEINE AS.REAL TO MEAN AS REAL VARIABLE

PROCESSES

EVERY MSGGEN
HAS A MGSOURCE, A MGDEST, AND A INTARRVFL
AND MAY BELONG TO THE GTRANSQ
DEPINE MGSOURCE AND MGDEST AS . INT

' ' VERI!
DEFINE INTARRVIL AS.REAL

EVERY MESSAGE
HAS A MSGID, A MSGSOURCE, A MSGDEST, A NETATIME, A NETDTIME,

AND A LINKATIME
AND MAY DELONG TO A QUEUE
DEIINE MSGID, MSGSOURCE, AND MSGDEST AS.INT
DEPINE NETATIME, NETDTIME, AND LINKATIME AS.REAL

EVERY TLINK
HAS A LKID, A CAPACITY, A FROMNODE, A TONODE, A TRANSWAIT,

A LINKDELAY, AND A SERVEL
AND ONNS A OUEUE
AND MAY DELONG TO TIE LTRANI0
DEEINE LKID, TROMNODI, AND TONODE AS. INT
DEPINE CAPACITY AND LINKDELAY AS.REAL
DEIINE TRANSNAIT AS.INT ' ' USED AS IOOLEAN’ ’

VERI!
DEPINE SERVEL AS .REAL

EVERY ENVIRONMENT
HAS A GENERATOR, A STATPROD, A NOSTATE, A THISSTATE, AND

A TRANSTIME
AND OIINS A LTRANSO AND A GTRANSO
DEEINE GENERATOR AS.INT

’
' USED AS REAL 2-DIM ARRAY

DEIINE STATPROI AS.INT
’ ’

USED AS REAL 1-DIM ARRAY
DEEINE NOSTATE AND TIISSTATE AS.INT
DEIINE TRANSTIME AS.REAL

TEMPORARY ENTITIES

'
’

NODE IS ACTUALLY A PERMANENT ENTITY BU'! IS DECLARED AS TEMPORARY

'
’

BECAUSE O! MODELER USAGE PREIERENCE
EVERY NODE

HAS A NDID, A NROUTE, AND A LROUTE
DEEINE NDID AS . INT
DEFINE NROUTE AND LROUTE AS.INT

’ ’
USED AS 1-DIM INTEGER ARRAY

’
' THIS VERSION O! TIE SIMULATION DOES NOT CONTAIN AN OBJECT TO

'
’

REPRESENT THE OUTSIDE. NETDELAY IS A SYSTEM ATTRIBUTE

PRIORITY ORDER IS ENVIRONMENT, TLINK, MSGGEN, MESSAGE

THE SYSTEM
HAS A NOENV, A NONODE, A NOLINK, A NODES, A LINKS, A ARRVPROCS, A

ARRVRATE, A ZEROARRV, A NODEIDS, A CAPACITIES, A ENVGEN, A ENVPROB,
A MEANMLEN, A NETDELAY, AND A MSGNO

DEIINE NOENV, NONODE, AND NOLINK AS.INT
DEPINE NODES AND LINKS AS INTEGER 1-DIM ARRAYS '

’
USED AS REI

DEEINE ARRVPROCS AS A INTEGER 2-DIM ARRAY ' ' USED AS RE!
DEFINE ARRVRATE AS A REAL 3-DIM ARRAY
DEPINE ZEROARRV AS A INTEGER 2-DIM ARRAY

’
' USED AS BOOLEAN

DEEINE NODEIDS AS A INTEGER 2-DIM ARRAY

DEFINE CAPACITIES AS A REAL 1-DIM ARRAY
DEFINE ENVGEN AS A REAL 2-DIM ARRAY
DEIINE ENVPROD AS A REAL 1-DIM ARRAY
DEFINE MEANMLEN AS.REAL
DEEINE NETDELAY AS .REAL
DEEINE MSGNO AS . INT

DEPINE LINKIN}, NODEINXI, NODEIN}2, AND BATCHIN} AS.REAL

DEFINE TRANSSEC, SSTSIMSEC, STARTTIME, AND TVAL AS.REAL
DEFINE NOBATCH, NOTRANSOBS, AND BATCHSIZE AS . INT
DEFINE SIMDONE AS.INT ' ' USED AS BOOLEAN
DEPINE ALINK AS.INT ' ' USED AS RE!
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DEFINE NMEANDELAY AND NVARDELAY AS .REAL
’
' OVERALL ACCUMULATION VARIABLES FOR LINKS

DEFINE SLKMQLEN AND SILKMQLEN AS REAL 1-DIM ARRAYS
DEFINE SLKVQLEN AND SZLKVQLEN AS REAL 1-DIM ARRAYS
DEFINE SLKMIQLEN AS A REAL 1-DIM ARRAY
DEFINE SLKMDELAY AND SZLKMDELAY AS REAL 1-DIM ARRAYS
DEFINE SLKVDELAY AND SZLKVDELAY AS REAL 1-DIM ARRAYS’ ’

PER BATCI ACCUMULATION VARIABLE FOR NETWORK
DEFINE NETNOMSG AS . INT MONITORED ON TIE LEFT

'
’

OVER ACCUMULATION VARIAELE FOR NETWORK
DEFINE SNETNOMSG AS .REAL’
'

VERIF
’ ’

DEFINE IAT AND ERT AS.REAL

' ' PILOT

'
’

DEFINE BATCIINX AS . INT

DEFINE INITSTATE AS A INTEGER FUNCTION
DEFINE DISCRETE AS A INTEGER FUNCTION
DEFINE TRANSITION AS A ROUTINE GIVEN 3 ARGUMENTS YIELDING 3 ARGUMENTS
DEFINE RTBUILD AS A ROUTINE GIVEN 0 ARGUMENTS
DEFINE GENNET AS A ROUTINE GIVEN 0 ARGUMENTS
DEFINE INPNETPARAM AS A ROUTINE YIELDING 5 ARGUMENTS
DEFINE INPSIMPARAM AS A ROUTINE YIELDING 4 ARGUMENTS
DEFINE REPORTDATCR AS A ROUTINE GIVEN 0 ARGUMENTS
DEFINE BATCIRESET AS A ROUTINI GIVEN 0 ARGUMENTS
DEFINE FINALANALYSIS AS A ROUTINE GIVEN 1 ARGUMENT

'
’

PER BATCI ACCUMULATION VARIAILEI
ACCUMULATE LKMOLEN AS TIE PERBATCE MEAN, LKVQLEN AS TIE PERBATCR

VARIANCE, AND LKMAXQLEN AS TIE PERDATCK MAXIMUM OF N.OUEUE
TALLY LKNOMSG AS TIE PERDATCI NUMBER, LKMDELAY AS THE PERBATCR MEAN, AND

LKVDELAY AS TIE PERDATCI VARIANCE OF LIWKDELAY
’
' NETNOMSG IS TIE PERBATCI NUMEER OF NETDELAY BUT IS CALCULATED’
' EIPLICITLY SO TIAT IT CAN IE MONITORED (ON TIE LEFT).

TALLY NETMDELAY AS TIE PERBATCI MEAN AND NETSIDELAY AS TEE PERBATCR
SUM.OF.SQUARES OF NETDELAY’
' OVERALL ACCUMULATION VARIABLES FOR NETWORK

TALLY MNETMDELAY AS TIE GRAND MEAN AND SZNETMDELAY AS TIE GRAND
SUM.OF. SOUARES OF NMEANDELAY

TALLY MNETVDELAY AS TIE GRAND MEAN AND SRNETVDELAY AS TEE GRAND
SUM.OF. SOUARES OF NVARDELAY

' ' VERIF

' ' TALLY MEANARRV AS TIE PERIATCI MEAN OF INTARRVFL’
' TALLY MEANSERV AS TEE PERIATCI MEAN OF SERVFL

DEFINE . SOURCE TO MEAN 1
DEFINE .DEST TO MEAN 2
DEFINE . FALSE TO MEAN 0
DEFINE .TRUE TO MEAN 1
DEFINE .PASSIVE TO MEAN 0
DEFINE .ACTIVE TO MEAN 1
DEFINE .SUSPENDED TO MEAN 2
DEFINE .INTERRUPTED TO MEAN 3
DEFINE .MAINODES TO MEAN 50
DEFINE .MAXLINKS TO MEAN 2 * (.MAXNODES — 1)
DEFINE .MAKENV TO MEAN 10
DEFINE .SECONDS TO MEAN DAYS
DEFINE .NONE TO MEAN 0

'
’

FOLLOWING DEFINES USED TO MAKE STREAM CBANGES EASIER
DEFINE STREAM1 TO MEAN 1
DEFINE STREAM} TO MEAN 2
DEFINE STREAM3 TO MEAN 3
DEFINE STREAM4 TO MEAN 4

END " PREAMBLE

MAIN

' ' READ SIMULATION AND NETWORK PARAMETERS
CALL INPSIMPARAM YIELDING NOBATCE, BATCHSIZE, NOTRANSOES, AND TVAL
PRINT 1 LINE WITH NOBATCR, BATCISIZE, AND NOTRANSOBS TIUS

NOBATCE- *** BATCR8IZE¤ **** NOTRANSOBS-
•••

’
' SPACE FOR GLOBALS ARRVRATE, ZEROARRV, NODEIDS, AND CAPACITIES
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'
’

RESERVED IN INPNETPARAN.

'
’

NONODE AND NOLINK ARE GLOBAL EVERYNBERE EXCEPT INPNETPARAM
CALL INPNETPARAN YIELDING NONODE , NOLINK, ENVGEN(

•
, * ) , ENVPROB( * ) ,

AND NOENV

' ' VERIF

'
’

READ IAT AND ERT

'
’

INTERARRIVAL TINE AND ENVIRONNENT STATE RESIDENCE TINE

’
' RESERVE SPACE FOR ARRAYS OF POINTERS TO PROCESSES

RESERVE NODES AS NONODE
RESERVE LINKS AS NOLINK
RESERVE ARRVPROCS AS NONODE BY NONODE

’
' READ ROUTING TABLES AND GENERATE NODES

CALL RTBUI LD

'
’

RESERVE SPACE FOR AND INITIALILE OVERALL ACCUMULATION VARIABLES
RESERVE SLKMQLEN, SZLKNQLEN, SLKVQLEN, AND SZLKVQLEN AS NOLINK
RESERVE SLKH!QLEN AS NOLINK
RESERVE SLKNDELAY, SZLKHDELAY, SLKVDELAY, AND SZLKVDELAY AS NOLINK
FOR LINKIN!

-
1 TO NOLINK

DO
LET SLKNQLEN(LINKIN!) ¤ 0.0
LET S2LKMQLEN( LINKIN!) ¤ 0 . 0
LET SLKVQLEN(LINKIN!) ¤ 0.0
LET S2LKVQLEN(LINKIN!)

•
0.0

LET SLKN!QLEN(LINKIN!) ¤ 0.0
LET SLKNDELAY(LINKIN!)

•
0.0

LET S2LKNDELAY(LINKIN!)
•

0.0
LET SLKVDELAY(LINKIN!)

•
0.0

LET S2LKVDELAY(LINKIN!) ¤ 0. 0
LOOP

RESET TIE GRAND TOTALS OF NNEANDELAY
RESET THE GRAND TOTALS OF NVARDELAY
LET SNETNONSG

-
0. 0

LET BATCBIN! ¤ 0
LET SIMDONE ¤ .FALSI

LET NETNONSG ¤ 0
LET NSGNO ¤ 0

'
’

CREATE AND ACTIVATE ENVIRONNENT.
ACTIVATE AN ENVIRONKENT GIVING ENVGEN( * ,

•
) , ENVPROB( * ) , NOENV,

0, AND 0. 0 NON

' ' CREATE AND ACTIVATE LINKS.

' ' LINKS CONTAIN PER BATCR ACCUHULATION VARIABLES.
CALL GENNET
FOR NODEIN!1

-
1 TO NONODE

FOR NODEIN!2 ¤ 1 TO NONODE
DO

IF (ZEROARRV(NODEIN!1, NODEIN!2)
-

. FALSE)
ACTIVATE A NSGGEN GIVING NODEIN!1 AND NODE!N!2

NOI
LET ARRVPROCS(NODEIN!1, NODEIN!2)

-
MSGGEN

ELSE
LET ARRVPROCS(NODEIN!1, NODEIN!2)

-
.NONE

ALIAYS
LOOP " FOR

' ' START, IAIT, AND TIEN NRITE STATISTICS
START SINULATION

CALL FINALANALYSIS(NOBATCR)
END

PROCESS
MSGGEN

DEFINE INTARRVTINE AS . REAL
DEFINE ARRVTIME, NARRVRATE AS . REAL
DEFINE ARRVDONE AS.INT

’
' USED AS BOOLEAN

' ' VERIF

' ' DEFINE LASTARRV AS .REAL

'
’

VERIF

' ' LET LASTARRV
-

TIHE.V
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NHILE (SIMDONE
•

.!‘ALSE)
DO

IP (ARRVRATE(TlISSTATE(ENVIRON|4ENT) , MGSOURCE, MGDEST) °- 0.0)
’ ’

TRACE DIAGS’
' PRINT 1 LINE IITH TIME.V, MSGNO+1, MGSOURCE AND MGDEST

' ' THUS

" (********.**) MSG ACT: MSG ID: ***• SRC: ** DEST:
••

’ ’
VERIF

' ' LET LASTARRV ¤ TIME.V
LET MSGNO

•
MSGNO + I

ACTIVATE A MESSAGE GIVING MSGNO, MGSOURCE, MGDEST,
0.0, 0.0, AND 0.0 NON

ALNAYS

LET ARRVDONE ¤ .!‘ALSE
NHILE (ARRVDONE ¤ . FALSE)

DO’
' INTARRVTIME ¤ IAT

LET NARIVRATE ¤ ARlVRATE(THISSTATE(ENVIRONMENT) , MGSOURCE ,

MGDEST)
IF (NARRVEATE

°•
0.0)

LET INTARRVTIME
•

EIPONENTIAL.!11 . 0 / NARRVRATE,
STREAN3)

LET ARRVTINE
•

TIME.)! + INTARRVTIME
IF (ARRVTIME <¤ TRANSTIME(ENVIRONMENT))

LET ARRVDONE ¤ .TRUE
ELSE

LET ARRVDONE ¤ .!ALSE
ALNAYS

ELSE
LET ARRVDONE

•
. PALSE

ALNAYS

' ' TRACE DIAGS’
' II (ARRVDONE

•
.FALSE)

'
’

PRINT 2 LINES NITI TIME.V, NGSOURCE, MGDEST’ ’
ARRVTINE, AND TRANSTIME(ENVIRONMENT) THUS

' ' (*******'.**) PART ARRV: NSG ID: (NA) SEC:
•*

DEST: **rv Aggvgvgggg •«••••••_••
¤!•gAg gggg, •••«••••_••

' ' ALNAYS
IE (ARRVDONE ¤ .TRUE)

NAIT INTARRVTINE „SECONDS .

ELSE’ ’
IAIT IN ENVIRONMENT TRANSITION QUEUE

FILE MSGGEN II GTRANSQ(ENVIRONMENT)
SUSPEND

ALNAYS
LOOP " NEILE 2

'
’

VERIF

' ' LET INTARRVFL ¤ TIME.V - LASTARRV
Q

LOOP
’ ’

NHILE 1

’
' SUSPEND. OTHERNISE SIMSCRIPT NILL DESTROY THIS PROCESS.

SUSPEND

RETURN

END '
’

PROCESS MSGGEN

PROCESS

MESSAGE

DEFINE THISNODE, NEXTNODE AS.INT
DEIINE ALINI AS.IN'l‘ ' ' USED AS RE!
DEFINE THISLINI AS.IN'l‘
DEFINE MSGLEN AS.REAL
DEFINE ROIJTETAB AS A INTEGER 1-DIM ARRAY

LET NETATIME ¤ TIME.V
LET THISNODE

-
MSGSOURCE’

' TRACE DIAGS’ ’
PRINT 1 LINE NITE TIME.V, THISNODE, AND MSGID THUS

" (********.**) MSG ARRV: NODE: ** MSG ID: ****
NHILE (THISNODE °• MSGDEST)

DO
LET ROUTETAE( *)

-
NROUTE(NODES(THISNODE))

LET NEXTNODE ¤ ROUTETAB(MSGDEST)
LET ROUTETAl(

•)

-
LROUTE(NODES(THISNODE))
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LET THISLINR
•

ROUTETABOIEKTNODE)
’ ’

TRACE DIAGS’
' PRINT 1 LINE IIITH TIME.V, TIISLINK, AND MSGID THUS

" (********.**) MSG ARRV: LINK: ** MSG ID: ****
LET LINKATIME ¤ TIME.V
LET ALINK

•
LINKS(TlISLINK)

FILE MESSAGE IN QUEUE(ALINK)
IF ((STA.A(ALINK) ¤ .SUSPENDED) AND (TRANSNAIT(ALINK)

-
.FALSE))

REACTIVATE THE TLINK CALLED ALINK NON
ALIAYS
SUSPEND

LET THISNODE
-

NEKTNODE
’ ’

TRACE DIAGS’ ’
PRINT 1 LINE WITH TIME.V, THISNODE, AND MSGID THUS

" (********.**) MSG ARRV: NODE: ** MSG ID: ****

LET ROUTETAE(*) ¤ 0
LOOP " MHILE

LET NETDTIME
-

TIME.V
LET NETDELAY

•
NETDTIME · NETATIME

’ ’
TRACE DIAGS

'
’

PRINT 1 LINE NITI TIME.V, NETDELAY, AND MSGID TEUS
I I (nenennee

_e•)
ggg pgp, pgggy, •••«••• _••••• ggg gp, een:

' ' PILOT

'
’

IF (NETNOMSG ¤ DATCHSILE)

' ' LET BATCHINK
-

BATCIIN! + 1

' ' CALL REPORTAVG
’
' ALNAYS

'
’

INCREMENT NETNOHSG. MAY CAUSE (TEROUGE LEFT HONITORING) DELETION

' ' OF TRANSIENT PERIOD OBSERVATIONS OR BATCH RESET.
LET NETNOMSG ¤ NETNOMSG + 1

RETURN
END '

’
PROCESS MESSAGE

' ' THIS VERSION OF TLINK DOES NOT ALLOI SERVER INTERRUPTIONS.
PROCESS
TLINK

DEFINE AMSG AS.INT ' ' USED AS REF
DEFINE MSGLEN AS.REAL
DEFINE SERVTIME, DEPTIME AS.REAL
DEFINE SERVDONE AS.INT '

’
USED AS BOOLEAN

’
' VERIF

’
' DEFINE LASTSTART AS.REAL

NHILE (SIMDONE ¤ .FALSE)
DO

IF (QUEUE IS ENPT!)
SUSPEND

ALIAYS

LET AMSG
-

F.QUEUE
LET SERVDONE ¤ .FALSE
’
' VERIF

’ ’
LET LASTSTART ¤ TIHE.V

WHILE (SERVDONE ¤ .FALSE)
DO

' ' LET MSGLEN ¤ MEANMLEN
LET MSGLEN ¤ EKPONENTIAL. F(MEANMLEN, STREAM4)

LET SERVTIME ¤ NSGLEN / CAPACITY
LET DEPTIME ¤ TIME.V + SERVTIME
IF (DEPTIME <¤ TRANST!ME(ENVIRONMENT))

LET SERVDONE ¤ .TRUE
ELSE

LET SERVDONE
-

. FALSE

ALNAYS
IF (SERVDONE ¤ .TRUE)

IORK SERVTIME .SECONDS
ELSE

LET TRANSIIAIT ¤ .TRUE
FILE TLINK IN LTRANSCMENVIRONMENT)



— 215 ·

SUSPEND
LET TRANSWAIT

•
.FALSE

ALWAYS
LOOP

’ ’
NEILE 2

LET LINRDELAY ¤ TIME.V - LINRATIME(AMSG)

'
’

TRACE DIAGS
’
' PRINT 1 LINE WITE TIME.V, LKID, MSGIIHAMSG) , AND

' ' LASTSTART TEUS

'
’

(********.•*) SERV COMP: LINR: '* MSG ID: **** START: ********.**
’
' VERIF

' ' LET SERVFL
-

TIME.V ·-· LASTSTART

REMOVE FIRST MESSAGE FROM QUEUE
REACTIVATE TIIS MESSAGE NOW

LOOP " WEILE 1

' ' SUSPEND. OTEERWISE SIMSCRIPT WILL DESTROY TEIS PROCESS. ERROR
’ ’

IF QUEUE IS NOT EMPTY. SET TRANSWAIT TO TRUE SO MESSAGES WILL

' ' NOT TRY TO ACTIVATE TEIS PROCESS.
LET TRANSWAIT

-
.TRUE

SUSPEND

RETURN
END

’
' PROCESS TLINK

PROCEII
ENVIRONMENT

DEFINE NERTSTATE AS . INT
DEFINE RESTIME AS.REAL
DEFINE STATECDF AS A REAL 1-DIM ARRAY
DEFINE CDFVAL AS . REAL
DEFINE ENVIN! AS . INT
DEFINE LOCGEN AS A REAL 2-DIM ARRAY
DEFINE LOCSPROB AS A REAL 1-DIM ARRAY

LET LOCGEN( * , *)
•

GENERATOR
LET LOCSPROB( *) ¤ STATPROE

’
' CREATE ARRAY OF CUMULATIVE DISTRIBUTION FUNCTION VALUES FOR

' ' ENVIRONMENT ITATIONAR! PROEAEITIII
RESERVE ITATECDF AI NOITATE
LET CDFVAL

•
0. 0

FOR ENVINR
•

1 TO NOSTATE —
1

DO
LET CDFVAL

-
CDFVAL + LOCSPROE(ENVINX)

LET STATECDF(ENVINR) ¤ CDFVAL
LOOP " FOR

’
' LAST CDF VALUE MUST BE EXACTLY 1 . 0

LET STATECDF(NOSTATE) ¤ 1. 0

'
’

PICK INITIAL STATE. TEEN CONTINUE WITH STATE TRANSITIONS UNTIL
’
' STOPTINE

LET TEISSTATE ¤ INITSTATE(STATECDF(* ) , NOSTATE)

' ' TRACE DIAGS

' ' PRINT 1 LINE WITE TIME.V AND TEISSTATE TRUS
’ ’

(***'****.**) ENV ACT: INIT STATE: **
WEILE (SIMDONE ¤ .FALSE)

DO
CALL TRANSI'l‘ION(TRISSTA'l'E, LOCGEN( * , * ) , NOSTATE) YIELDING

NEXTSTATE, RESTIME, AND TRANSTIME
WAIT RESTIME .SECONDS
LET TEISSTATE ¤ NEXTSTATE

' ' REACTIVATE ALL ARRIVAL AND SERVICE PROCESSES IN TEE’ ’
TRANSITION WAIT QUEUES

WEI LE (LTRANSO IS NOT EMPTY)
DO

REMOVE FIRST TLINI FROM LTRANSQ
REACTIVATE TEIS TLINR NOW

LOOP
’ ’

IEILE 2
WEILE (GTRANSQ IS NOT EMPTY)

DO
REMOVE FIRST MSGGEN FROM GTRANSO
REACTIVATE TEIS MSGGEN NOW

LOOP ' ' WEILE 2



' ' TRACE DIAGS’
'

PRINT 1 LINE IITH TIMI.V AND THISSTATE THUS
’ ’

(******** .**) ENV TRANS: NEI STATE: **
LOOP

’
' IRILE 1

LET LOCGEN(*, *)
• 0

LET LOCSPROB(*) • 0
RELEASE STATECD!

’
' SUSPEND. OTIERIISE SIMSCRIPT NILL DESTROY THIS PROCESS. ERROR

’ ’
I! QUEUES ARE NOT EMPTY.

SUSPEND

RETURN
END

’
' PROCESS ENVIRONMENT

ROUTINE
BATCHRESET

DEIINE LINKIN! AS . INT
DEIINE NODEIN!1 AND NODEIN!2 AS . INT

FOR LINKIN!
•

1 TO NOLINK
DO

RESET THE PERBATCII TOTALS OP N.QUEUE(LINKS(LINKIN!))
RESET THE PERRATCH TOTALS O! LINKDELAY(LINKS(LINKIN!))

LOOP
"

FOR

'
’

VERIF

'
’

FOR LINKIN! ¤ 1 TO NOLINK
’ ’

RESET THE PERDATCI TOTALS O! SERV!'L(LINKS(LINKIN!))

'
’

FOR NODEIN!1 ¤ l. TO NONODE
’
' FOR NODEIN!2

-
1 TO NONODE

' ' DO

'
’
I! (ZEROARRV(NODEIN!1, NODEIN!2) ¤ .FALSE)

'
’

RESET TIE PERIATCI TOTALS O!
’
' INTARRV!L(ARRVPROCS(NODEIN!1 , NODEIN!2))

’
' ALIAYS’

' LOOP

RESET THE PERBATCI TOTALS O! NETDELAY

END '
’

PROCESS RESETBATCI

'
’

THIS ROUTINE ASSUMES THAT DIST!'IJNCT(MA!VAL)
-

1. 0 (EXACTLY) .
ROUTINE
DISCRETE(DIST!‘UNCT, MA!VAL, STREAM)

DEFINE DISTIUNCT AS A REAL 1-DIM ARRA!
DEFINE MAKVAL AS . INT
DEFINE STREAM AS.!NT

DBFINE VARIATI AS .REAL

DEIINE VALIN! AS.IN'l'
DEFINE DONE AS.INT

’
' USED AS BOOLEAN

LET VARIATE ¤ UNIFORM. !(0 . 0, 1 . 0, STREAM)
LET DONE

-
.!ALSE

LET VALIN!
•

1
IHILE (DONE ¤ .!‘ALSE)

DO
IF (VARIATE <¤ DIST!'UNCT(VALIN!))

LET DONE ¤ .TRUE
ELSE

LET VALIN!
-

VALIN! + 1
ALIIAYS

LOOP " ALNAYS

RETURN( VALIN! )
END " DISCRETE

ROUTINE
INITSTATE(STATECD!, NOSTATE)

DEIINE STATECDI AS A REAL 1·DIM ARRAY
DEFINE NOSTATE AS . INT

’ ’
CIOOSE INITIAL STATE ACCORDING TO CD! O!‘ STATIONARY DISTRIRUTION
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RETURN( DISCRETE(STATECDF( * ) , NOSTATE, STREAM1) )
END " INITSTATE

ROUTINE
TRANSITION(TIISSTATE, GENERATOR, NOSTATE) YIELDING NEXTSTATE, RESTIME,

AND TRANSTINE
DEFINE TRISSTATE AS . INT
DEFINE GENERATOR AS A REAL 2-DIN ARRAY
DEFINE NOSTATE AS.INT
DEFINE NEXTSTATE AS.INT ' ' OUTPUT
DEFINE RESTIHE AS.REAL

’
'OUTPUT

DEFINE TRANSTINE AS.REAL ' ' OUTPUT

DEFINE ENVINX AS.INT
DEFINE TEMPCDF AS A REAL 1-DIM ARRAY
DEFINE LAMBDA AND CDFVAL AS .REAL

' ' LAHBDA IS TEE INVERSE OF TIE MEAN TIME IN TIE CURRENT STATE
LET LAMBDA

•
-GENERATOR(TlISSTATE, TIISSTATE)

' ' CREATE CUMULATIVE DISTRIBUTION FUNCTION FOR NEXT STATE

' ' PROBABILITIES FROM A ROW OF THE INVIRONMENT GENERATOR
RESERVE TEMPCDF AS NOSTATE
LET CDFVAL ¤ 0. 0
FOR ENVINX ¤ 1 TO NOSTATE - 1

DO
IF (ENVINX

”¤
TIISSTATE)

LET CDFVAL
-

CDFVAL + GENERATOR(TIISSTATE, ENVINX) / LAMBDA
ALIIAYS
LET TlMPCDF(ENVINX) ¤ CDFVAL

LOOP " FOR

'
’

LAST CDF VALUE MUST BE EXACTLY 1 . 0
LET TEMPCDF(NOSTATE) ¤ 1. 0

' '
CHOOSE NEXT STATE AND TIME UNTIL NEXT TRANSTION

LET NEXTSTATE
-

DISCRETE(TEMPCDF( *) , NOSTATE, STREAM1)’
' RESTINE ¤ ERT

LET RESTINE
•

EXPONENTIAL.F(1.0 / LANBDA, STREAM2)
LET TRANSTINE

• TINE.V + RESTIME

RELEASE TEMPCDF
RETURN

END " TRANSITION

ROUTINE
RTBUILD

DEFINE TRISNODE, NEXTNODE, AND DESTNODE AS.INT
DEFINE NODEINX1 AND NODEINX2 AS. INT
DEFINE TEMPNR AND TEMPLR AS INTEGER 1-DIM ARRAYS

FOR NODEINXI ¤ 1 TO NONODE
DO

READ TIISNODE
CREATE A NODE
LET NDID(NODE)

•
TIISNODE

RESERVE TEMPNR AS NONODE
RESERVE TBMPLR AS NONODE
FOR NODEINXI

•
I TO NONODE — 1

DO
READ DESTNODE
READ 'l'EMPNR(DESTNODE) ' ' -

NEXTNODE
LOOP

’
' FOR 2

LET TEMPNR(TIISNODE) ¤ -1
FOR NODEINX2 ¤ 1. TO NONODE — 1

DO
READ NEXTNODE

' ' LINKID IN INPUT MUST BE -1 FOR TWO UNCONNECTED

' ' NODES
READ TEHPLR(NEXTNODE)

’ ’ •
LINKID

LOOP
’ ’

FOR 3
LET TEHPLR(TIISNODE)

•
-1

LET NROUTE(NODE) ¤ TEMPNR(*)

LET LROUTE(NODE)
•

TENPLR(*)
LET NODES(TlISNODE) • NODE
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’ ’
THIS! ASSIGNHENTS TO ZERO ARE NECESSARY SO TEHPNR AND TEHPLR

' ' CAN BE RESERVED AGAIN
LET ‘!El4PNR(*)

-
0

LET TE|IPLR(*) ¤ 0
LOOP '

’
FOR 1

RETURN
END '

’
RTBUILD

ROUTINE
GENNET

DEFINE LINKIN! AS . INT

FOR LINKIN! ¤ 1 TO NOLINK
DO

ACTIVATE A TLINK GIVING LINKINX, CAPACITIES(LINKIN!) ,

NODEIDS(LINKIN!, .IOURCE) , NODEIDS(LINKIN!, .DEST) , .FALSE,
AND 0 . 0 NOI

LET LINKS(LINKIN!) •
TLINK

LOOP
’
' FOR

RETURN
END " GENNET

ROUTINE
INPNETPARAM YIELDING NONODE, NOLINK, GENEIATOR, STATPROB, AND NOENV

DEFINE NONODE AS. INT '
’

OUTPUT
DEFINE NOLINK AS.INT ' ' OUTPUT
DEFINE GENERATOR AS A REAL 2-DIN ARRAY

’
' OUTPUT

DEFINE STATPROB AS A REAL 1-DIH ARRAY ' ' OUTPUT
DEFINE NOENV AS . INT ' ' OUTPUT

DEFINE NODEIN!1 AND NODEIN!2 AS.INT
DEFINE LINKIN! AND LINKID AS.INT

DEFINE ENVIN!1 AND !NVIN!2 AS. INT
DEFINE NARRVRATE AS.REAL

READ NONODE
READ NOENV
LET NOLINK ¤ 2 * (NONODE - 1)

RESERVE ARRVRATE AS NOENV BY NONODE BY NONODE
RESERVE ZEROARRV AS NONODE BY NONODE
RESERVE NODEIDS AS NOLINK BY 2
RESERVE CAPACITIES AS NOLINK

FOR ENVIN!1
-

1 TO NOENV
FOR NODEIN!1 ¤ 1 TO NONODE

FOR NODEIN!2 ¤ 1. TO NONODE
READ ARRVRATE ( ENVIN!1 , NODEIN!1 , NODEIN!2)

’ ’
IDENTIFY NODE PAIRS FOR IIICH ARRIVAL RATES ARE ZERO FOR ALL

' ' CONFIGURATIONS. (NO ARRIVAL PROCESSES NEEDED FOR TRESE PAIRS) .
FOR NODEIN!1 ¤ 1 TO NONODE

FOR NODEIN!2 ¤ 1 TO NONODE
DO

LET NARRVRATE
•

0. 0
LET ENVINXI ¤ 0
NRIL! ((NARRVRATE

•
0.0) AND (ENVINX1 < NOENV))

DO
LET ENVIN!1

-
ENVIN!1 + 1

LET NARRVRATE ¤ ARRVRATE(ENVIN!1, NODEIN!1, NODEINX2)
LOOP " IIIILE

IF (NARRVRATE
-

0.0)
LET ZEROARRV(NODEIN!1, NODEIN!2) ¤ .TRUE

ELSE
LET ZEROARRV(NODEIN!1, NODEIN!2)

-
.FALSE

ALNAYS
LOOP " FOR

FOR LINKIN! ¤ 1 TO NOLINK
DO

RRAD LINKID
READ NODEIDS(LINKID, .SOURCE) , NODEIDS(LINKID, .DEST) , AND

CAPACITIES(LINKID)
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LOOP " FOR
READ MEANNLEN

RESERVE GENERATOR A8 NOENV BY NOENV
RESERVE STATPROB A5 NOENV
FOR ENVIN!1

•
1 TO NOENV

FOR ENVIN!2
•

1 TO NOENV
READ GENERATOR(ENVIN!1, ENVIN!2)

FOR ENVIN!1 ¤ 1 TO NOENV
READ STATPROB(ENVIN!1)

RETURN
END '

’
INPNETPARAK

ROUTINE
INPSIHPARAH YIELDING NOBATCB, BATCHSIZE, NOTRANSOBS, AND TVAL

DEFINE NOBATCI AS.INT ' ' OUTPUT
DEFINE BATCESIZE AS. INT ' ' OUTPUT
DEFINE NOTRANSOBS AS.INT ' ' OUTPUT
DEFINE TVAL AS.REAL

’ ’
OUTPUT

READ NOBATCI
READ NOTRANSOBS AND BATCISIZE
READ TVAL

RETURN
END '

’
INPSINPARAH

ROUTINE
REPORTBATCI

DEFINE LINKIN! AS . INT
DEFINE HEANQLEN, VARQLEN, NEANDELAY, AND VARDELAY A8.REAL
DEFINE ALINK AS.INT

’
' USED AS REF

’
' VERIF VAR

' ' DEPINE NODEIN!1 AND NODEIN!2 AS. INT’
' DEFINE ANSGGEN AI . INT

SKIP 3 LINES
PRINT 1 LINE WITH BATCIIN! TIUS

STATISTICS FOR BATCI ***
LET SSTSIHSEC

-
TII(E.V —

STARTTIKE
PRINT 1 LINE NITE SSTSIHIEC TIUI

RUN LENGTI: *******.**** SEC
SKIP 3 LINES
PRINT 3 LINES TIUS

QUEUE LENGTI DELAY NUHBER OF
LINK HEAN VARIANCE HA!IMUN HEAN VARIANCE HESSAGES

FOR LINKIN! ¤ 1 TO NOLINK
DO

LET ALINK
-

LINKS(LINKIN!)
LET HEANQLEN ¤ LKNQLEN(ALINK)

LET VARQLEN ¤ LKVQLEN(ALINK)
LET HEANDELAY ¤ LKHDELAY(ALINK)
LET VARDELAY ¤ LKVDELAY(ALINK)
PRINT 1 LINE IITI LINKIN!, HEANQLEN, VARQLEN, LKHA!QLEN(ALINK) ,

HEANDELAY, VARDELAY AND LKNOMSG(ALINK) TBUS
••• •••««•_••«• «•••e«_•••• •••• •«••••_•«•• •••••«_«•••

•»••¤«

'
’

UPDATE OVERALL ACCUHULATION VARIABLES FOR LINK.
LET SLKNQLEN(LINKIN!) ¤ SLKMQLEN(LINKINX) + HEANQLEN
LET S2LKHQLEN(LINKIN!) •

S2LK|lQLEN(LINKINX) + (MEANQLEN ** 2 . 0)
LET SLKVOLEN(LINKIN!) ¤ SLKVQLEN(LINKIN!) + VARQLEN
LET S2LKVQLEN(LINKIN!) ¤ S2LKVQLEN(LINKIN!) + (VARQLEN ** 2 . 0)
LET SLK!(!QLEN(LINKIN!) ¤ $LKN!QLEN(LINKIN!) + LKNA!QLEN(ALINK)
LET SLKHDELAY(LINKIN!) ¤ SLKHDELAY(LINKIN!) + HEANDELAY
LET S2LKMDELAY(LINKIN!)

-
S2LKNDELAY(LINKINX)

+ (MEANDELAY ** 2.0)

LET SLKVDELAY(LINKIN!) ¤ SLKVDELAY(LINKIN!) + VARDELAY
LET S2LKVDELAY(LINKIN!)

•
S2LKVDELAY(LINKINX)

+ (VARDELAY
••

2.0)
LOOP " FOR

' ' VERIF
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’ ’
SKIP 1 LINE

'
’

PRINT 3 LINES TEUS

" SOURCE DEST MEAN INTERARRIVAL’ ’
NODE NODE TINE

’
' FOR NODEIN!1 ¤ 1 TO NONODE’
' FOR NODEIN!2 ¤ 1 TO NONODE’ ’

DO’ ’
IF (ZEROARRV(NODEIN!1, NODEIN!2) ¤ .!‘AL8E)’ ’

LET AMSGGEN ¤ ARRVPROCS(NODEIN!1 , NODEIN!2)’ ’
PRINT 1 LINE NITI NODEINXI, NODEINXZ, AND’ ’

MEANARRV(AHSGGEN) TRUS
ll nee

¢•• ••••••_••••

' ' ALIIAYS

" LOOP

’
' SKIP 1 LINE

’
' PRINT 3 LINES TIUS’ ’

MEAN SERVICE’ ’
LINK TIME

' ' FOR LINKIN!
•

1 TO NOLINK’ ’
DO

' ' LET ALINK ¤ LINKS(LINKIN!)

' ' PRINT 1 LINE WITI LINKIN! AND HEANSERV(ALINK) THUS
v l nee «••«••_••••

’
' LOOP

SKIP 1 LINE
LET NMEANDELAY ¤ NETMDELAY
LET NVARDELAY ¤ (NETSZDELAY · (NETNOMSG * (NETMDELAY ** I . 0)))

/ (NETNONSG · 1)
LET SNETNOMSG ¤ SNETNOMSG + NETNOMSG
PRINT 3 LINES KITE NMEANDELAY AND NVARDELAY TEUS

NETWORK DELAY:
Avggggg, •¢«•¢••_••••

vA|;IANcg=
•••••••_••••

’ ’
DIAGS

’ ’
FOR LINKIN! ¤ 1 TO NOLINK’
' DO
’ ’

PRINT 1 LINE IITI LINKIN! AND N„QUEUE(LINKS(LINKIN!)) TIUS

" LINK: *** NUMBER IN OUEUE: '*'***'*’ ’
LOOP

’ ’
PER DATCI ACCUMULATION VARIABLES RESET IN BATCIRESET BY CALL FROM’

' MONITOR ROUTINE FOR NETNOIISG.

RETURN
END " REPORTBATCE

’
' PILOT

ROUTINE
REPORTAVG

DEFINE LINKIN! AS . INT
DEFINE GHEANQLEN AND GKEANDELAY AS .REAL
DEFINE ALINK AS.INT

’ ’
USED AS REP

LET SNETNOHSG ¤ SNETNOMSG + NETNOMSG
SKIP 1 LINE

PRINT 1 LINE WITH TIME.V AND SNETNOMSG THUS

(********.'**•) STATISTICS AT NET MSG COUNT: **•**••*
SKIP 1 LINE
PRINT 2 LINES TRUS

LINK MEAN OUEUE LENGTI HEAN DELAY

FOR LINKIN} ¤ 1 TO NOLINK
DO

LET ALINK ¤ LINKS(LINKIN!)’ ’
UPDATE OVERALL ACCUHULATION VARIABLES FOR LINK.

LET SLKMQLEN(LINKIN!) ¤ SLKMQLEN(LINKIN!) + LKMQLEN(ALINK)
LET SLKMDELAY(LINKIN!)

'
SLKMDELAY(LINKIN!) + LKMDELAY(ALINK)

LET GMEANOLEN ¤ SLKMOLEN(LINKIN!) / BATCIINX
LET GMEANDELAY

-
SLKMDELAY(LINKIN!) / BATCRIN!

PRINT 1 LINE WITH LINKIN}, GMEANOLEN, AND GMEANDELAY TRUS
en: ••«•••_•«•• •«••««_••••
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LOOP

SKIP 1 LINE

LET NHEANDELAY ¤ NETMDELAY
PRINT 1 LINE NITH HNETHDELAY TEUS

MEAN NETNORK DELAY: ******* . ****

’
' RESET8 ARE NECESSARY SINCE DELETEOBS IS NOT CALLED

FOR LINKIN!
-

1 TO NOLINK
DO

ALINK ¤ LINKS(LINKIN!)
RESET THE PERBATCI TOTALS OF N.QUEUE(ALINK)
RESET TIE PERBATCI TOTALS OF LINKDELAY(ALINK)

LOOP " FOR
RESET TIE PERHATCI TOTALS OF NETDELAY

RETURN
END ' ' REPORTAVG

ROUTINE
FINALANAL!SIS(NOlATCH)

DEFINE NOBATCH AS . INT

DEFINE LINKIN! A8 . INT
DEFINE NEANQLEN, VARQLEN, HAXOLEN, KEANDELAY, AND VARDELAY AS.REAL
DEFINE IIEANNOIISG AS.REAL '

’
FOR NETNORK

DEFINE MSAIPKEAN, VSAHPHEAN, SANPVAR AS„!EAL
DEFINE NIALFLEN AND VIALFLEN AI .REAL

SKIP 2 LINE8
PRINT 1 LINE NITH NOHATCH TIUS

STATISTICS OVER ALL
(••*)

DATCIES
SKIP 1 LINE
PRINT 3 LINES THUS

QUEUE LENGTH DELAY
LINK MEAN VARIANCE HAKIHUN IIEAN VARIANCE

FOR LINKIN! ¤ 1 TO NOLINK
DO

LET HEANQLEN ¤ SLKI|QLEN(LINKIN!) / NOIATCI
LET VAROLEN ¤ 8LKVQLEN(LINKIN!) / NOBATCH
LET HAIQLEN ¤ SLKN!QLEN(LINKIN!) / NOBATCH
LET KEANDELAI ¤ SLK||DELA!(LINKIN!) / NOBATCH
LET VARDELA! ¤ SLKVDELAY(LINKIN!) / NOEATCH
PRINT 1 LINE IITH LINKINX, KEANQLEN, VARQLEN, NAXQLEN,

HEANDELAY, AND VARDELAY TED!••• ••e•••_«••• •«•••«_•«•• ••••••_•••• ••••••_•••• •e«•••_••••

LOOP " FOR

SKIP 1 LINE
PRINT 1 LINE THUS

QUEUE LENGTI CONFIDENCE INTERVALS
SKIP 1 LINE
PRINT 3 LINES TIUS

HEAN VARIANCE
LINK LEFT ENDPOINT RIGHT ENDPOINT LEFT ENDPOINT RIGHT ENDPOINT

FOR LINKIN! ¤ 1 TO NOLINK
DO

LET MSANPHEAN ¤ SLKNQLEN(LINKIN!) / NOBATCH
LET SAMPVAR ¤ (S2LKNOLEN(LINKIN!) - NOBATCH

* (HSAKPNEAN ** 2.0))
/ (NOBATCI - 1)

LET HHALFLEN ¤ TVAL * ((SAHPVAR / NOBATCH) ** 0. 5)
LET VSAHPHEAN ¤ SLKVQLEN(LINKIN!) / NOBATCH
LET SAMPVAR ¤ (S2LKVOLEN(LINKIN!) — NOBATCH

•
(VSAMPNEAN ** 2.0))

/ (NOBATCI — 1)
LET VHALFLEN ¤ TVAL * ((SAMPVAR / NOBATCH)

*•
0. 5)

PRINT 1 LINE NITH LINKIN!, HSAMPNEAN · HHALFLEN,

HSAHPHEAN + MHALFLEN, VSAHPNEAN - VHALFLEN,
VSAMPMEAN + VHALFLEN THUS

••• ••••••_•••• ••e••«_•••• ••••••_•««• «•¢•••_•••«

LOOP
"

FOR

SKIP 1 LINE
PRINT 1 LINE THUS
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DELAY CONPIDENCE INTERVALS
SKIP I. LINE
PRINT 3 LINES THUS

MEAN VARIANCE
LINK LEFT ENDPOINT RIGHT ENDPOINT LEFT ENDPOINT RIGHT ENDPOINT

FOR LINKIN! ¤ 1 TO NOLINK
DO

LET MSAMPMEAN
•

SLKMDELAY(LINKIN!) / NOBATCH

LET SAMPVAR
-

(S2LKMDELAY(LINKIN!)
—

NOBATCH

'
(MSAMPMEAN ** 2 . 0))

/ (NOHATCR · 1)
LET MIALFLEN ¤ TVAL

'
(($AMPVAR / NOBATCH) ** 0. 5)

LET VSAMPMEAN
•

SLKVDELAY(LINKIN!) / NOBATCH
LET SAMPVAR

-
(S2LKVDELAY(LINKIN!) · NOBATCH

•
(VSAMPMEAN ** 2 . 0))

/ (NOBATCH - 1)
LET VHALFLEN ¤ TVAL * ((SAMPVAR / NOBATCH) '* 0. 5)
PRINT 1 LINE IITH LINKINX, MSAMPMEAN

—
MHALFLEN,

MSAMPMEAN + MHALFLEN, VSAMPMEAN — VHALFLEN,

VSAMPMEAN + VHALPLEN TRUE
eee eeeeee_eeee eeeeee_eee• eeeee•_eee• e••ee•_eeee

LOOP '
’

FOR

SKIP 1 LINE
PRINT 1 LINE THUS

NETWORK DELAY:
LET MSAMPMEAN

• MNETMDELAY
LET SAMPVAR ¤ (I2NITMDELA\' · NOEATCH * (MSAMPMEAN

*•
2 . 0))

/ (NOHATCH · I.)
LET MHALFLEN

-
TVAL * ((IAMPVAR / NOBATCI) ** 0. S)

PRINT 2 LINES NITH MSAMPMEAN, MSAMPMEAN - MHALPLEN, AND
MSAMPMEAN + MHALFLEN THUS
gg^y: eeeeeee_eeee
coypxggycg Ig•g¤ggvA[„, (eeeeeee _ee••, eeee••e_ eeee)

LET VSAMPMEAN ¤ MNETVDELAY
LET SAMPVAR

•
(S2NETVDELAY - NOBATCH * (VSAMPMEAN ** 2 . 0))

/ (NOHATCH — 1)
LET VRALPLEN ¤ TVAL * ((8AMPVAR / NOBATCH) ** 0. 5)
LET MEANNOMSG ¤ SNETNOMSG / NOBATCH
PRINT 2 LINES NITH VSAMPMEAN, VSAMPMEAN —

VHALFLEN, AND
VSAMPMEAN + VHALFLEN THUS

vggxggcgg eeeeee•_eee•
Cgygxpgycg Iyvgggvng, (eee•e•e_eeee' eeeeee•_•eee)

SKIP 1 LINE
PRINT 1 LINE NITH MEANNOMSG THUS

MEAN NUMBER OF MESSAGES: ******* . ****
SKIP 5 LINES

RETURN
END

LEFT ROUTINE
NETNOMSG

DEFINE SAVNOMSG AS . INT

ENTER WITH SAVNOMSG
IF (BATCHIN!

•
0)

IF (NETNOMSG ¤ NOTRANSOES)
LET TRANSSEC ¤ TIME.V
CALL BATCIRESET
LET STARTTIME ¤ TIME.V
LET EATCHIN!

-
I.

MOVE FROM 0
ELSE

MOVE FROM SAVNOMSG
ALWAYS

ELSE
IP (NETNOMSG

• BATCHSIZE)
CALL REPORTBATCH
CALL BATCHRESET
LET EATCHIN! ¤ BATCHIN! + 1
LET STARTTIME ¤ TIME.V
MOVE FROM 0

ELSE
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MOVE FROM SAVNOMSG
ALIAYS

ALIIAYS

IP (BATCIINX > NOBATCI)
LET SIMDONE

-
.'l‘RUE

ALWAYS

RETURN
END/•

//LOAD.S‘lSIN DD *
2
30000
30000
2.064
3
3
0.0 0.0 16.0
0.0 0.0 0.0
11.0 0.0 0.0
0.0 0.0 15.0
0.0 0.0 0.0
4.0 0.0 0.0
0.0 0.04.0
0.0 0.0 0.0
1.0 0.0 0.0
1 2 1 1302.39
2 1 2 2793.0375
3 3 2 1302.39
4 2 3 2793.0375
100.0
-16.0 9.0 7.0
9.0-10.0 1.0
10.0 1.0-11.0
0.3707 0.3605 0.2607
1
22
32
22
3-1
2
11
33
11
34
3
12
22
1-1
23
/•

//



APPENDIX H
DYNAÄMIC HIERARCHY MATRIX-GEOMETRIC ANALYSIS SOURCE CODE

Computation of the analytic results for comparison of the analytic and simulation

models and comparison of the dynamic and static hierarchies is performed in the follow-

ing stages:

(1) Computation of the (dynamic hierarchy) analytic results for comparison of the

analytic and simulation models.

(2) Computation of the static hierarchy, analytic results for comparison of the

dynamic and static hierarchies.

(3) Computation of the dynamic hierarchy, analytic results for comparison of the

dynamic and static hierarchies.

To perform the computations, the following executable programs first are made

from the C source code:

• compratc: Compute link arrival rate vectors from arrival rate matrices.

To make: cc -0 comprate comprate.c

• mainmgp: Compute matrix-geometric probabilities and means for a link.

To make: cc -0 mainmgp mainmgp.c mgprob.c gauselim.c mgmisc.c \

probvect.c matinv.c matops.c input.c output.c

• nctdclagp Compute dynamic hierarchy mean delay.

To make: cc -0 netdelay netdelay.c

• statdel: Compute square-root capacity assignments and static hierarchy mean

delay.

To make: cc -0 statdel statdel.c -lm

- 224 -
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Each of these programs reads from standard input and writes to standard output and is

run, for example, as follows:

comprate < netparam.inp > rates.out

where ‘netparam.inp’ and ‘rates.out’ are the input and output files, respectively.

Stages (1) and (3) are performed similarly according to the following steps (Note

that the capacities required for stage (3) are taken from the output of stage (2)):

For each dynamic hierarchy topology/parameter set combination:

(a) Prepare a file according to file format 2 (Figure H.l) and run comprate with

this file as input.

(b) For each link j, prepare a file according to file format 3 (Figure H.2) using the

arrival rates for the link produced as output in (a) and service rate(s) ;1Cj.

Run mainmgp with this file as input.

(c) Using the link arrival rates and network throughput produced as output in (a)

and the mean link delay values produced as output in (b), prepare a file accord-

ing to file format 4 (Figure H.3). Run netdelay with this file as input.

Step (c) yields the analytic estimate of mean network delay for this topology and parame-

ter set.

Stage 2 is performed as follows:

For each static hierarchy topology/parameter set combination, prepare a file according to

file format 5 (Figure H.4) and run statdcl with this file as input. This run produces the

analytic estimate of mean network delay for this static topology and parameter set.
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<identifying label> { for documentation purposes }
<number of environment states> { M }
<environment state probabilities>
<number of nodes> { N}
<l”(‘)> { traffic matrix for environment state 1 }
<I”(2)> { traffic matrix for environment state 2 }

<F(M)> { traffic matrix for environment state M }
{ nodes are numbered from 0 to N — 1 here }
0 1- {for nodes 0 and 1}
<message route 0, 1> -1
0 2 {for nodes 0 and 2 }
<message route 0, 2> -1

gN> <N—1> {for nodesNandN—1}
<message route N, N — 1> -1
{one for each j, k such that j 96 k }

Figure H.1. File Format 2- Link Arrival Rate Computation

For each node pair j, k such that j 96 k, message route j, k is the list of links over

which a jk-message is transmitted, arranged according to the order in which they are

encountered by the message. Note that in file format 2, nodes are numbered from 0 to

N — 1 (instead of 1 to N as in the simulation input).

<identifying label> { for documentation purposes }
<number of environment states> { M }
<environment process generator>
<)\0)> <;1C'j> { arrival and service rates under environment state 1 }
<)«§2)> <pCj> { arrival and service rates under environment state 2 }

i <)«$~M)> <uC'j> { arrival and service rates under environment state M }

Figure H.2. File Format 3- Matrix-Geometrie Mean Queue
Length and Mean Link Delay Computation
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<identifying label> { for documentation purposes }
<number of environment states> { M }
<number of links> {L

E
<>\{‘)>

<>‘$‘)> . . . <>‘$} > <·y(‘)>
{ link arrival rates and network throughput under environment state 1 }

{ link arrival rates and network throughput under environment state 2 }

<>‘{“)>
<>‘$“)> . . . <>‘$_M)> <~1(“)>

{ link arrival rates and network throughput under environment state M }
<link 1 delay>
<link 2 delay>

<link L delay>

Figure H.3. File Format 4- Dynamic Hierarchy Network Delay Computation

<identifying label> { for documentation purposes }
<number of links> {L }

{ link arrival rates and network throughput }
<u'l> { mean message length }
<total cost (capacity)>

Figure H.4. File Format 5- Square·Root Capacity Assignment
and Static Hierarchy Network Delay Computation

/t
¢* gauael1n.h: (header tile)

~~ caussian elinination solution to N linear equations in N*•
unknowns. Ilees row pivoting with scaled values. Solvee••·
intentionally aingular aystens by solving a xeduced size systen•·• and then setting undeternined values to ARBVAL. The coettients•* correaponding to the reduoed size systen nuet be in the tizat••
lastrow rows ot anat. No solution is produced it an nunintentionally*•
singu1a:” coetticient natrix (ot possibly reduced size) is detected.

·/

Iinclude °°natgeon. h°°

/t
•*

gauselinz•~
Main driver routine.

·/
extern FILE •1np!i1e, •outti.1e;



void
gause11n();

je

** dabs:
••

Absolute value o! long tloet‘/

double
dabs();

/t
~• init:•*

Initiallze scaling factor vector
'/

void
init()1

je
•*

txiangx••
Triangularire coetticient nntrix (IUQIODCOC with RIS VOOCOI)

••
using row pivoting with inplicitly aceled row elenents. It

••
lastrow <netd1n, triangularlze only torow laatrow. This allows•*
the pertial solution ot eystene with intentionally aingular••
coettlolent natrices.

*/

void
triang();

ja
•*

swaprow:••
swap two rows in the coetticient nstrix and RIS vector

'/

void
swaprow();

je
•*

awapd:
*•

Swap two long tloet values
*/

void
swapd();

je

** findpivtz
*•

[ind (index ot) next pivot row based on inplicitly sceled•*
elenents

*/

void
t1ndp1vt();

/e

** svlécpz
••

sweep elenents in rows iron row alter current pivot to last
*/

void
swcep();

/e
•*

backsub:

** Solve tor x values ueing hackaubatitution with the triangularized
••

natrix and the IIS vector. set undeternined values (at end ot xval)••
to ARBVAL.

'/



void
backsub( ) 1

/«
••

input.): (header file)
••

Input routines for dynanlc h1erarchy/ natrix geonetric analysis
°/

Iinelude ¤atgeo¤.h

extern FILE *inpfil•1

/:1

** inpcnat:
¤•

Read augnented coefficient natrix (natrix and RIS) vector.
*/

void
inpceat( ) 1

/•
••

inpnatn
••

lead arbltrary square natrix.
°/

void
1lPllC( ) 1

/e
•• inpqratez
•¤

Read queue arrival and service rates (HOBBY read by inpnat) .
*/

void
1npqrate( ) 1

# itndet MA'I'GEOM_AC'1‘IVE
Ö define MATGEOM_ACTIVE 1

/•
natgeo¤.h:*•

leader file of deflnea and typedefs for dynaaic hierarchy analysis
••

aa a network of M/M/1 queues in a randon environnent using natrix
·•

geoaetric nathoda.
*/

Iinclude <std1o. h>

Odefine FALSE 0
tdefine TRUE 1

{define MA!_ENV 10
Idefine MAX_QLEN 1000
Idefine ARBVAL 1 . 0
{define EPSILOH (double) 0.0000001

Idefine STOPEPSV (double) 0. 000000001
Idefine ACCEPSV (double) 0.000001
Idetlne NEIILINE '\n'

typedef double COEFMAT[MA!_ENV] [MA!_ENV1 1/•
Coefficient natzix

•/

typedef double PROBMAT[MAx_ENv] [MAX_QLEN+l) 1/•
Matrix for |atr:lx—geonetr:I.c

queue length probabilities
•/

linclude gauseli¤.h
Iinclude °probvect. h°°
Iinclude Znatops. h:
Iinclude nat:I.nv.h
Iinclude °°ngpz¤b. h'
| include °°ngnlsc . h°°
Iinclude °°lnput.h”
Iinclude "output. h"



{endif

/«
••

¤at:I.nv.h: (header {lle)
••

Inverse ot a netrix (il nonsinguler) . Coeputee inverse through
•*

e diagonaliretion ot the original natrix by Geussian elinination.••
Uses row pivoting with ecaled values. No solution is produced•*
it the natrix is singular.

*/

{include ”eatgeon.h°°

/•
•• natinv:

·* Main driver routlne.
'/

extern IILI •1np!1le, *out!ile,~

void
nat:L¤v();

/•
•*

diag:
•*

Diagonallze a natrix (augnented with
1¤v•r••

natrix)·•
using row pivoting with ieplloitly scaled row eleeents.

••
Detects singular netrix.

'/

void
d1•s()«

/•
·•

daweepz
*•

Sweep eleeents in all rows except the current row
*/

void
dsweep();

/•
*• dswaprow:••

Swap two rows in the netrix and RIS eatrlx
'/

void
dawaprow();

/«
•*

norninvx
•*

uornalize inverse natrix by dividing each row by the••
diagonal elenent in the diagonalized natrix

*/

void
nor¤inv();

/e
••

|atops.h: (header file)
••

Miscellaneous natrix and vector operations.
*/

{include °°¤etgeo¤.h°°

/«

** natsunz·•
Sue ot two eatrices

*/

void
IIC8\lI()}



/•
••

vectsun:
•·

Sun o1 two vector:
*/

void

vact•un()1

/«
••

natditf:
•*

Ditterence o1 two netrices
*/

void
¤atdi!t()1

/•
••

vectditt:
••

D11! o1 two vectoro
*/

void
vectdi!!();

/•
*•

nntprode
••

Product o1 two netricec
*/

void
¤atpI0d( )1

/•
*•

netpwrz
••

Power o! e squere netrix (Power hust be nonnegetive)
*/

void

n¤tpwr()1

/•
*•

innrprod:
*•

Inner product 01 two vectors
*/

double
innrpr¤d();

/«
•~

vnprodz

** Product 01 a vector and a nntrtx
*/

void
v¤prod()1

/•
••

nvprodg•¤
Product o1 a nntrix und

•
vector

*/

void
¤vprod()1

/•
*•

netcopy:
*•

Copy n nntrix
*/

void



natcopy( )1

/«
••

vectcopy:
••

Copy a vector
'/

void
vectcopy();

/«

** vncopyc:
•*

Copy a vector into a oolunn ot a natrix (Aasunee that the natrix
•*

ia ot type PROBMAT)
'/

void
vncopyc():

/•
••

vecopyrz
••

Copy a vector into a row ol a natrix (Aaaunea that the natrix
••

ls ot type PROBMAT)
*/

void
vn¤opyr();

/«
•*

Ivcopyc:
•*

Copy a colunn ot a ratrix into a vector (hasunes that the natrix
••-

is ot type PROBHAT)

*/

void
evcopyc();

/«
•¤ zeroeate
••

Set all entries tn a eatrtx to zero
'/

void
zeroeat()1

/•
*•

zerovect:*•
set all entries in a vector to zero

*/

void
zerovect()1

/«
~•

onevect:••
set all entries in a vector to one‘/

void

o¤evect();

/e
*•

identnut:
*•

Constructidentityeatrix
*/

void
identeat()1



/«

** diageatz
*•

Construct a diagonal eatrix fron a vector
*/

void
d1agnat( );

/•
•*

nnaxdiff:
•*

Maxinuu eleeent by elenent absolute difference between two
••

square natrices
°/

double
nnaxdiff();

/•
••

vectelsun:••
sun tbe eleaents of a vector

'/

double
vecte1su¤();

/«
••

veaxdiffx
*•

Maxieun elenent by elenant absolute difference between two
••

vectors
*/

double
v¤axd1!t()1

/t
••

nattransp:
•*

Tranapose a square natrix
*/

void
nattransp( );

/t
M nga1sc.h: (header file)*•

Miscellaneous routinea for dynanic bierarchy/ natrix geonetric
•*

analysis.
*/

Iinclude eatgeon.h

/e

** ngwarn:
*•

Write error (warning) uessage and source routine nahe to standard
••

error.
'/

void
ngwarn()1

/•
••

labelio:

** Read ID label froh first line of input file and print it as first••
line of output file.

*/

void
1abelio();

/•
••

¤gprob.h: (header file)
•*

Itoutines for conputing rate natrix, natrix—geonetric queue



** length probab1l1t1•s, naan queua length, and virtual wa1t1ng
¤•

tina tor dynanic h1•rarchy/ natr1x—geonetr1c analysis.
*/

Iinclude natg•on.h

/«
•*

ratenat:*•
Conpute rate rate natrlx by iteration starting with R

-
0.

*/

void
ratenat( );

/•
•*

qprob:
•·•

Conputa natrlx ot natrix-gaonatric quaua length probab1l1t1•s.
••

Stopp1ng condition 1s MA!( (sun ot quaue length prob. tor level
*•

1) - (anvironnant 1 statlonary prob.)! < a snall nunbar !.
'/

void
qprob( ) ;

/•
••

qlaanz
*•

Conpute conditional (on anvironnant) and unconditional queue
·•

length neans.
*/

void
qnean( ) ;

/•

··
qdelay:

••
Conpute (unoond1t1onal) nean virtual wa1t1ng t1na.

*/

double
qdelay( ) ;

/l
••

output.h: (haadar t1l•)

*~ output routlnas tor dynanic h1•raroby/ natrlx g•on•tr1c analys1s

'/

Iinclude natg•on.h

extern FILE •outt1la;

/«
•*

outcnat:
••

Ir1t• augnantad coefticlent natr1x (natrix and RIS) vector.

'/

void
outcnat( ) ;

/•
••

outnat:••
\Ir1te arb1trary square natr1x.

*/

vo1d
outnat( ) ;

/«
•*

outxval:
••

Irite solution vector ot N linear eqnationa 1n N unknowns

*/



void
outxva1();

/•
••

outenv:
*•

Write generator and stationary probability vector ot the

** environnent process.
*/

void
outenv();

/•
*•

outqrate:
¢¢ Write queue arrival rates, service rates, and rate natrix.
'/

void
¤utqrate();

/«
••

outqprobx
•*

Write joint queue length/environnent probabillties (and
••

their sun tor each gueue length).
'/

void
outqprob();

/«

** outqnean:
••

Write conditional and unconditional nean queue length:.
°/

void
outq¤ea¤();

/•
••

outqdelaya
••

Write (unoonditional) nean virtual waiting tine tor a queue.
'/

void
outqdelay();

/«
••

probvect.h: (header tile)·• Routinen tor conputing the invariant probability vector tor
••

a Markov process with a tinite state space. Part ot the dynanic
•*

hierarchy/ natrix geonetric analysis routines.
*/

Iinclude”natgeon.h”

/t
•*

probvect:
••

conpute invariant probability vector tor a Markov process with a

** tinite state space.
*/

void
probvect();

/«

** nornprobz••
Wornalize state probabilities so that they sun toi

*/

void
nor¤prob();



/«
¤•

co¤prate.c••
Main progrne and routlnes tor coeputing llnk arrlval rate vectors

•*
Iron external arrival rate natrlces and nessage route;.

*/

Iinclude <;td1o.h>

{define FALSE 0
Idetine TRUE 1
ldetine NEILINE '\n'

Idetlne MAi__ENV 10
Idetlne NAX__NODE 50
Idetlne NAX_LIhIl 90

/* -
2 * (MA!_NOD!: — 1) */

/•
Node; are nunbered 0 to nonode — 1, env states are nunbered 0

to noenv - 1, and link; are nunbered 1 to nolink. */
typedet double '|'RA!'MA'l'[!4Ax_uIV1 [MAX_NOD!:] (NAx_N¤D!] ;

/* Arrival rate eatrlcea
•/

typede! double IA'!EHA'l'[HAX_EbIV! KHAX_LIHK + 1] ;

/* Link arrivnl rate vectora */
typedet char R0¤'l‘!:MA'l‘[MAX_NODE] [HAX_NODE1[HA1_LINK + 1];

/•
Message route sets

•/

FILE •1np!l1e, •outt11e;

/e
•* inpenv:*•

Read envlroneent process lntornaticn.
'/

void
1npenv(noenv, eprob)

int •noenv;
double epr¤b[1;

(
int envinx, tnoenv;

!;cant(:Lnpt11e, °°\d°°, noenv);
tnoenv

-
*noenv;

tor (envlnx ¤ 0; envlnx < tnoenv; envinx++)
!soan!(1np!l1e, °°\1!°°, &(eprob[•nv1nxl ) ) ;

11

/I
••

lnpnrrvrate:
••

Read arrival rate eetrices.

*/

void
inp¤rrvr•te(noenv, nonode, errvrnte)

int noenv,
int •nonode,·
'IRAFMAT arrvrate;

(
int envlnx;
int nodeinxl, nodeinx2;
int tnonode;

tscant(inptile, °°\d°°, nonode);

tnonode
-

·nonode;
tor (envinx

-
0; envinx < noenv; env1nx++)

tor (nodeinxl
-

0; nodeinxl < tnonode; nodei¤x1++)
tor (node1nx2 ¤ 0; nodeinxz < tnonode; nodeinx2++)

:•¢¤¤¢(1¤p111•, "•1:°',
&(arrvrate[envinx][nodeinx1][nodainx2]));

ls

/e·

*
•

inpnsgroutez



*•
Reed set ot links in the route ot jk-nessnges tor each node pair•* jk, j I- k.

'/

void
inp¤sgroute(nonod•, nngroute)

int nonode;
ROUTEMAT nsgroute;

(
int nodeinxl, nodeinxl, linkinx;
int nolink;
int nodeidl, nodeid2, linkid;

/* Initielize route netrix
•/

nolink
-

2
•

(nonode - 1);
tor (nodeinxl

-
0; nodeinxl < nonode; node1nxl++)

tor (node1nx2
-

0; node1nx2 < nonode; nodeinx2++)
!¤r(11nk:lnx

-
1; llnkinx <- nolink; l1nkinx++)

nsgroutelnodeinxll lnodeinxll llinkinxl
-

FALSE;

/•
Reed neseege route sets ¤/

tor (nodeinxl
-

0; nodeinxl < nonode; node1nx1++)
tor (nodeinxl

-
0; ¤odeinx2 < nonode; nodeinx2++)

I
!s¤ent(1np!:I.le, °°\d\d°°, bnodeidl, &nodeid2 ) ,-

tscen!(inp!!.1•, °°\d°°, slinkid);
while (linkid I- -1)

(
nsgroutelnodeidll[nod•1d2)[l1nkidl

-
TRUE;

!•¤ent(i.np£ile,
°°\d”,

elinkid);
la

P1

ls

/«
~•

lebeliox*•
lead ID label Iron first line ot input tile end print it es tirst

•*
line o! output file.

*/

void
lnbel1o()

{
cher 1o¤hnr1

tscnnt( :I.np!11•,
°\o”,

eiooher) ;
•rh1le(1ocher I- NEIILIRZ)

I
tprintt(outt1le, °°\c”, iocher)1
!•cen!( inptlle, °°|c”, Liocher) ;

lr
:pr1nu(¤uu11•, ”\¤"),

I1

/•
·•

outlinktreh

·* Print link srrivel rete vectors end conpute und print nenn
••

errivel rete to esch link.
'/

void
outlinktrnunoenv, nonode, linkrete, eprob, gannu)

int nonode, noenv;
RATEMAT linkrete;
double epxobll ;
double gannel l ;

(
int envinx, linkinx;
int nolink;
double retesun;

nolink
-

2
•

(nonode — 1);



tor (linklnx
-

1; linkinx <- nolink; 1ink1nx++)
(

!printt(outt11e, °°\d°°, l1lIkllIX);
rateeun

-
0.0;

tor (envinx
-

0; envinx < noenv; e¤vi.nx++)
(

tpr1nt!(outt1le, °° \¤ . lt",

linkratelenvinxl llinkinxl ) ;
zeteaun +- eproblenvinxl

•
linkzntelenvinxl ilinkinxl ;

M -
tprintuouttile, °° \¤.4t\n°°, ratesun) ;

la
tor (envinx

-
0; envinx < noenv; envinx-•-+)

!pz:Lnt!(out!1l•, °°\10.It °°, §llIl[IhV1llX])}
tprint¢(outt11•,°°\n”);

I:

/t

** linktrat:
•*

Conpute link arrival rate natrioea given the external arrival rate•• natzicea and neasage route aets.
'/

void
1inktrat(noenv, nonode, nngroute, azzvrate, linkrate)

int noenv, nonode;
IOUTBHAT nagroute;
TRAFMAT arrvrate;
RATEMAT linkrate;

(
int linkinx, envinx, nodeinxl., node1nx2;
int nolink;
double rnteeun;

nolink
-

2
•

(nonode · 1);
tor (linkinx

-
1; linkinx <- nolink; li.nki¤x++)

tor (envinx
-

0; envinx < noenv; envinx-++)
(

rateaun
-

0.0;
tor (nodeinxl

-
0; nodeinxl. < nonode; nodeinx1++)

tor (nodeinxl
-

0; nodeinxl < nonode; nodeinx2++)
if (lngroutelnodeinxll [node:I.nx2] [linkinxl)

rateaun +-
arx·vrate[env1nx][node1nx1][nodeinx2];

linkratelenvinxl[11nkinx]
-

zatesun;
M

M

/«
••

thruputz
•*

calculate total arrival rate (throughput) to network under
•·•

each environnent atate.
'/

void
th1·uput(noenv, nonode, arrvrete, ganna)

int noenv;
int nonode;
1'RAPMA'! arrvrato;
double gannal l ;

(
int envinx;
int nodeinxl, nodeinxl;
double ratesun;

tor (envinx
-

0; envinx < noenv; •nv1nx++)
(

rateaun
-

0.0;
tor (nodeinxl

-
0; nodeinxl < nonode; node£nx1++)

!or (nodeinxl
-

0; ¤odei.nx2 < nonode; D0d€iIIX2++)



ratesun +- arrvrate[env1nxllnodeinxll[node1¤x21;

gannalenvinxl
-

rateaun;
)1

lr

lllh()

I
int noenv, nonode;
ROUTEMAT nsgroute;
'FRAFMAT arrvrate;
RATEMAT linkratez
double eprob[MAX_ENV) ;
double ganna[MAX_ENv] ;

inptile
-

stdin;
outtlle

-
stdout;

1abeli.o( ) ;
inpenv( anoenv, eprob) ;
inparrvrate(noenv, snonode, arrvrate);
lnpnsgroute(nonode, IIQIOUCO) ;

l£.nktrai(noenv, nonode, nsgroute, arrvrate, linkrate);
thruput(noenv, nonode, arrvrate, ganna);

outl1nktrat(noenv, nonode, linkrate, eprob, ganna);

);

/•
••

gauaelin.c:
••

Gaussian elinination solution to N linear equations in N··•
unknowns. Uses row plvcting with scaled values. solves•·•
intentionally singular systens by solving a reduced size systen

•*
and then setting undeternlned values to RRBVAL. The coetticients••
correspondlng to the reduced size systen nust be in the tirst

** lastrow rows ot anat. No solution ls produced it an °°unintentionally•· si.ngular°° coettiolent natrix (ot possibly reduoed Bill) is detected.
'/

natgeon.h

/e
*•

gaueelinz
*•

Main driver routine.
*/

extern FILE •1npIi.le, •out!ile;

void
§lIlB¢1lI(lIlC, rhs, natdin, lastrow, xval, singular)

COEFMAT anat;
/•

Coetticient natrix */
double rhs[] ;

/•
Right hand side vector

•/

int natdin;
/•

Matrix size
•/

int lastrow;
/•

Nunber ot rows tor reduced size
coetticient natrix */

double xval[];
/•

Solution vector ~/
char •sinqular;

/•
TRUE it coetticient natrix is

singular
•/

I
double •scale;

/•
Scaling tactora — row nagnitudes

(row elenents are not actually
SOIIGÜ)

•/

COEIMAT tnat;
/•

Copy ot anat
•/

double •t:hs; /* Copy ot rhs
•/

int lndexl, index};
/•

Matrix and vector indices
•/

/* Scale and trhs space allocated dynanically
•/

scale
-

(double *)l|110C(lltdil
•

s:I.zeoI(double));
trhs

-
(double

•)
nalloc(natdin

•
sizect(double));

/•
Make copies ot anat and rhs */



· 240 ·

nat¤opy(snat, natdln, natdin, tnat);
ve¤tcopy(rhs, natdin, CXIBI;

/•
Initialize, triangularize, and back-substltute

•/

in1t(tnat, natdin, scale);
triang(tnat, trhs, natdin, lastrow, scale, singular);
it (I •sinqular)

backsub(tnat, trhs, natdin, lastrow, xval);
else

ngwarn(°°gausel1n°°, ”singulaz systen°°);

Ii

/«
••

dabs:•*
Absolute value ot long tloat

"/

double
dabs(dvalue)

double dvalue1

I
double result;

it (dvalue < 0.0)
result

-
—dvalue;

else
result

-
dvalue;

return( result );

I1

/|

*° init:••
Initialize scallng tactor vector

*/

void
init(anat, natdin, scale)

COBIMAT anat;
/•

Coetticient natrix
•/

int natdin; /¤ Matrix size
•/

double s¤ale[1; /¤ scallng factors vector
•¤/

(
int indexl, index};

/•
Matrix and vector indices */

double scalesun; /· '1'enp. sun ot row elenents
•/

tor (indexl
-

0; indexl < natdin; indexl++)

I /•
calculate scaling tactors

-
row suns

•/

scalesun
-

0. 0;
tor (IIIÜOXÜ

-
0; index} < natdln; indexz++)

scalesun +- dabs(anat[lndexl][1ndex}1);
scalelindexll

-
scalesun;

it (scalesun < EPSILON)
ngwarn(°°1nit°°, ”scale

-
O") ;

I1

I1

/e
•* triang:
•*

Trlangularize coetticient natrix (augnented with RIS vector)
M ueing row pivoting with inplioitly scaled row elenents. If
*•

lastrow < natdln, triangularize only to row lastrow. This allows
*•

the partial solution ot systens with intentionally singular
•*

coetficlent natrices.

'/

void
tr:I.ang(anat, rhs, natdin, lastrow, scale, singular)

COEFMAT anat;
/•

Coetticient natrix ·/
double rhsl 1 ; /* RIS vector

•/

int natdln;
/•

Matrix size
•/

int lastrow; /* Nunber o! rows tor reduced
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sized coefficlent natrix
•/

double soalell;
/•

Scaling factors ·/
char •s1ngu1ar; /* TRUE if the (possibly reduced

size) cosfficient nstrix is
singular

•/

(
int indexl;

/•
Row index

•/

int colinx; /* Colunn index ¢/

int naxrow; /* Pivot row index — has naxinun
scale ratio

•/

char nonzero; /* TRUE if pivot row found - naxinun
scale ratio nonzero */

oollnx
-

01
indexl

-
0;

/•
Continue triangularizstion until next to last row done or until

last colunn reached.
/•

Lestrow replaoes natdln everywhere except in the row swap
operation, which uses natdin as the nunber of colunns

•/

while ((1ndex1 < lastrow - 1) GL (collnx < lastrow — 1))

I /•
Eind index of next pivot row

•/

tindpivt(anat, scale, lastrow, lndexl, Lcolinx,
Lnaxrow, BIOIIOIOI;

/•
None found lf I nonzero. I nonzero

-->
done

•/

if (nonzero)
I /•

swap current and pivot rows
•/

swaprow(anat, rhs, natdin, indexl,
naxrow);

/•
Sweep to botton using pivot row

•/

sweep(anat, rhs, natdin, lastrow,
indexl, coltnx);

1f(¤o11nx < lastrow - 1)
col1nx++,

1ndex1++;

I1
I1

/* Undeternined values lf indexl I- lastrow — 1 or lf last
diagonal elenent is 0

•/

•s1ngular
-
(ilßlll I- lastrow - 1)

I I (dabs(an•t[lastrow
—
ll [lastrow

-
11) < EPSILON) ;

I1

/•
*•

swaprow:*•
swap two rows in the coetflclent natrix and Rus vector

"/

void
swaprow(anat, rhs, nstdin, indexl, naxrow)

COBIMAT anat;
/•

Coefficient natrix
•/

double rhs[];
/•

RIS vector */
int natdin;

/•
Matrix size

•/

int lndexl, naxrow;
/•

Rowa to swap
•/

I
int index}; /* Matrix index

•/

for (index!
-

0; index} < natdin; index2++)

swapd(L(anat[indexl][1ndex2]),swapd(L(rhs|1ndex1l) , L(rhs[naxrow] ) ) ;

I1

/«
••

swapd:
••

swap two long float values

*/

void
s•1apd(dva1uel, dvalueä)

double •dveluel , •dvalue2,·
/•

Values to swap
•/
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(

double tenpval;
/•

Tenp. location for swap
•/

tenpval
•

•dvaluel;
sdvaluel

-
•dvslue2;

•dvalue}
-

tenpval;

lx

/«
*• findpivtz
•*

Find (index of) next pivot row based on inpltcitly scaled

** elenents
*/

void
f1ndpivt(anat, scale, natdin, indexl, oolinx, naxrow, nonzero)

COEFMAT anat;
/•

Coefficient natrix
•/

double scale[1;
/•

Scsling factors
•/

int natdln;
/•

Matrix size
•/

int indexl;
/•

Row index fron outer loop in
triang

•/

int •col1nx;
/•

Colunn index
•/

int •nax1·ow; /* Index of pivot row if found
•/

char •nonzero; /· TRUE if pivot row (IDG nonzero
naxinun scale ratio) found

•/

(
double naxacale;

/•
Maxinun scale ratio

•/

double scalevsl;
/•

scale ratio
•/

int index};
/•

Matrix and vector index
•/

•nonzero
-

FALSE;
/•

Continue until pivot row found or until last colunn reached */
while ((! •nonzero) Gb (•co11nx < natdin))

(
naxscale

-
0. 0;

/•
Check fron row indexl to last row for naxinun

scale value
•/

for (index}
-

lndexl; index} < natdin; 1ndex}++)

(
scaleval • dabs(anat[:I.ndex}1[•col:lnx1

/ scale[:I.ndex}1);
if (soaleval ) naxscale)

(
naxscsle

-
scalevsl;

•naxrow ¤ index};

I1
I1/•
If naxscale < EPSILON, naxinun is 0 for the

colunn. Otherwise pivot row found
•/

if (naxacale < EPSILON)
(•col1nx)++,

else
•nonzero

-
TRUE;

D;

la

/«

** swesp:
••

Sweep elenents in rows fron row after current pivot to last
'/

void
sweep(anat, rhs, nstdin, lastrow, indexl, colinx)

COEIMAT anat; /* Coefficient natrix
•/

double rhs[1 ;
/•

RIS vector */
int natdin; /* Matrix size */
int lastrow; /* Nunber of rows for reduced size

coefficient natrix */
int indexl; /* Row index fron outer loop in

triang */
int colinx;

/•
Colunn index

•/

(
int index}, i.ndex3;

/•
Matrix and vector indlces

•/



- 243 -

double nulttact;
/•

Row nultiplication tactor
•/

/•
Pertorn sweep starting at row atter current

•/

tor (index2
-

indexl + 1; index2 < lastrow; index2++)
(

nulttact
-

anat[:I.ndex2l [colinxl / anatlindexll [colinxl ;
/¢ Adjust row Iron colinx to end and RIS elenent

•/

tor (index) ¤ colinx; index} < natdin; index3++)
anat[ind•x2l(index3] --

nulttact
~

anat[:I.ndex1l[index3];
rhslindexil -- nulttact

•
thelihdexll ;

I1

I1

/•
•¤

backsub:

** Solve tor x values using backsubatitution with the triangularized
••

natrix and the RIS vector. Set undeternined values (at end ot xval)
••

to ARBVAL.
*/

void
backsub(anat, rhe, natdln, lastrow, xval)

COIFMAT anat;
/•

Coetfioient natrix
•/

double rhsl I 1
/•

RIS vector
•/

int natdin;
/•

Matrix size
•/

int lastrow; /' Ilunber ot rows tor reduced
eine ooetliclent natrix

•/

double xvall ] ;
/•

x value (solution) vector
•/

(
int lndexl, index);

/•
Matrix and vector indices */

double diagval;
/•

'Ienp. diagonal elenent
•/

/•
For zeduoed size ceetticient natrix, set undeternined x values

to ARIVA!.
•/

tor (ÄIIÜOXI •- natdin ~ 1; indexl > lastrow - 1; :I.¤dexl——)
xvallindexll

-
ARBVAL;

/•
Backaubstitute to oalculate the renaining values.

•/

tor (indexl
-

lastrow- 1; indexl
>• 0; indexl—-)

(
xvallindexll

-
rhalindexll;

tor (index!
-

lndexl + 11 index: < natdin;
1ndex2++)

xval[indexl]
—•

anat[:I.ndex1][1ndex2]
•

xvallindexll;/•·
Divide by diagonal elenent to get tinal x value ¤/

diagval
-

anatl indexll lindexll ;
tt (dabs(diagva1) < IPSILON)

ngwarn(°'hacksub°”, °°d:Lagonal
-

0°°);
xvallindexll /- aeatlindexll lindexll ;

I1

I;

/«

·* input.c:
*•

Input routlnes !or dynanic h1erarcby/ natrix geonetric analysis
*/

Iinclude ”natgeon.h°°

extern III.! •1npI:(le;

/«
•• inpcnat:
••

Read augnented ooetticient natrix (natrix and RIS) vector.
'/

void
1npcnat(anat, rhs, natdin, laetrow)

COIIMAT anat;
/•

Coetticient natrix
•/

double rhsl l ;
/•

RIS vector
•/

int *natdin;
/•

Matrix size ¢/



int •la•trov; /* Nunber ot linearly independent
rowe in the coetticient natrix ·/

(
int indexl, index]; /* Matrix indicea */
int tnatdin;

/•
1'enp. natrix size

•/

tecanüinptile, ”\d\d°°, natdin, laatrow);
tnatdln

-
•natdin;

tor (index!.
-

0; lndexl < tnatdin; 1lId¢X1++)
(

tor (index:
-

0; index: < tnatdin; index:++)
fI¢ll!(1lP!11B; °°\lt°°, &(anat[1ndex1] [index:] ) ) ;

!•can!(1¤pt1le, °°\l!°°, s(rhs[i.¤dexl] ));

lr

I1

/•

** inpnatz
M Read arbitrary aquare natrix.‘/

void
1npnat(anat, natdin)

COEIIIAT anat; /¤ 1'he natrix
•/

int •natdil1
/•

Matrix aize
•/

(
int indexl, index); /· Matrix tndicee

•/

int tnatdin;
/•

'Fenp. natrix aize
•/

!acant(1np£11e, °°\d°°, natdin);
tnatdin

-
*natd1n;

tor (indexl
-

0; indexl < tnatdln; :|.ndex1++)
tor (index:

-
0; Index: < tnatdin; 1ndex:+-•)

!a¤an!(1¤ptile,
”\lt”,

&(ala(:[1¤dexl][1¤d•x2]));

I;

/t
••

inpqrate:
••*

Read queue arrival and aervice ratea (noenv read by ÄIIPIIC) .
'/

void
inpqrate(arrvrat•, aervrate, noenv)

double arrvratel l ;
/•

Arrival rates
•/

double eervratel l ;
/•

Service rates
•/

int noenvz
/•

Munber ot environnente */

I
int envinx;

/•
Environnent index */

tor (envinx
-

0; envinx < noenv; envinx++)
!acan!(i¤p!1le, ”\l£

\lt”,
&(arrvrate[envinx] ) ,

&(eervrate[e¤v:I.nx] ) ) ,·

I;

/«
*•

nainngp.¤:
••

Main routine tor running dynanic hierarchy/ natrix geonetric
*•

queue length probability and queue length nean routines.

'/

Iinclude ”natgeon.h”

FILE •inptile, •outtile;

nain()

(
double arrvrate[MAX__EHVl ;

/•
Arrival rates */

double eervrate[MAl__EMV] ;
/•

Service rates ¤/
int noenv;

/•
Nunber ot environnents

•/
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COEFMAT envgenrt1
/•

Envtronnent process generator
•/

double eprob[MAx_EIVl1 /* Stationary probability vector
ot environnent process */

COEFMAT IIIEIIX1
/•

Rate natrix
•/

PROBMAT qlenpr0b,· /· Joint environnent/queue length
probabllities

•/

double condqnean[MAx_EMV|1 /* Conditional gueue length neans
•/

double un¤gnea¤1
/•

Unconditional nenn queue
length

•/

double neandelay1
/•

Mean delay (virtual waiting tine)
at gueue

•/

int stopqlen1 /' Index ot last queue length
probebility conputed ·/

char I1l§\Ill!„‘l /' TRUE it aubnatrix ot environnent
process generator is singular

•/

COEFMAT gentrens1
/•

1'ranspose ot environnent process
generator

•/

inptlle
-

atd1n1
outtile

-
atdout1

label1o( )1
/•

lead nunber ot environnent states and environnent proceas
generator

•/

1npnat(envgenrt, aneenv)1
/•

Read rate veotors
•/

1npqrate(arrvrate, servrate, noenv)1

/•
Iind atattonary probabllitlea tor envlrennent process.

'Ihen conpute rate natrix, envlronnent/gueue length probahilities,
and queue length neana ·//•
Transpoae ot generator nust be used tor probvect/gauselin to

work right
•/

nattransp(•nvgenrt, noenv, gOhCIllI)l
probveet(g•ntrana, noenv, eprob, BIll§\|1II)}
ratenat(envgenrt, arrvrate, servrate, noenv, eprob, rnatrix)1 —

qprob(rnatr1x, arrvrate, servrate, eprob, noenv, qlenprob,
§lCOP§1Ch)}

gnean(eprob, noenv, qlenprob, atopqlen, condqnean, suncqnean)1

/•
Conpute nean delay (virtual waiting tine)

•/

neandelay
-

gdelay(envgenrt, eprob, noenv, servrate, glenprob,

stopq1e¤)1

/•
Write everything

•/

outenv(envgenrt, eprob, noenv)1
outgrate(arrvrate, servrate, rnstrix, noenv)1
outqprob(qlenprob, noenv, stopqlen)1
outgnean(condqnean, uncgnean, noenv)1
outgdelay(neandelay) 1

exit(0)1
l;

/«
•*

nsi¤ninv.c:
•* Main routine tor testing natrix inveraion routine.
*/

Iinclude °°natgeon.h°°

FILE •1np!E1le, 'OIICIIIQ}

nnin( )

I
COEFMAT anat1

/•
Coetticient natrix */

COIIHAT 1nverse1
/•

Inverse natrix
•/

int natdin1
/•

Matrix size
•/

cher s1ngular1
/•

TRUE it coetticient natrix is
singuler */

inptile
-

atdin1
outtile

•
stdoutz

1npnat( anat, snatdin) 1
tprlnt!(out!1le, ”0riginel netrix:\n”) 1



outnat(anat, natdln);
lltihV(lll€, netdin, inverse, &singul•r)1
it (I singular)

(
!pri.ntt(outtil•, °°1nvera• natrix:\¤°°);
outnet(inv•rse, natdin);

I1
I1

/t
•*

neinpvec.c:
·* Main routine tor testing probability vector routine.
'/

{include ”natgeon.h°°

FILE •1np!1le, •out!!.le;

llih()

(
COEFMAT anat;

/•
Coetticient natrix

•/

double rhs[MAX_ENV] ;
/•

RIS vector
•/

int natdin;
/•

Matrix size
•/

double xval[MAx_IIV] ;
/•

solution vector
•·/

char singular;
/•

TRUE it coetttclent natrix is
singular

•/

int lastrow;
/•

Munber ot lineerly independent
rows in the coetticient natrix

•/

COEIMAT atrans; /* Transpose ot anat */

inptile
-

stdin;
outtile

-
stdout;

inpcnat(anat, rhs, snatdin, &lastrow)1
outcnat(anat, rha, natdin);
nattranep(anat, netdin, atrans);
probv•ct(atran•, natdin, xval, Lsingular);
it (I aingular)

outxval(xval, natdin, natdin - lastrow);

I1

/•

¤· na1ns•qn.c:
••

Main routine tor testing linear systen solution routine.

'/

(include °°natgeon.h°°

FILE *inp!1le, *outti.le;

na:I.n()

(
COEFMAT anat; /¤ Coetticient natrix

•/

double rha[MAx_tNV];
/•

RIS vector
•/

int natdin;
/•

Matrix size
•/

double xval[MAx__ENv] ;
/•

solution vector
•/

char singular;
/•

TRUE it coettlcient natzxx is
singular

•/

int lastrow;
/•

Nunber ot linearly independent
rows in the coetticient natrix

•/

inptile ¤ atdin;
outtile

•
stdout;

inpcnat(anat, rhs, enatdin, slastrow);
outcnat(anat, rhs, natdin);
gaueel1n(anat, rhs, natdin, lastrow, xval, Lsingular);
if (I singuler)

¤utxv¤l(xval, natdin, natdln
— lastzow);

I;

/«
••

natinv.c:
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•·
Inverse ot a natrix (lt nonslngular) . Conputes lnverse through·• a diagonallzation o! the original natrix hy Gaussian alinination.

** Uaes row plvoting with acaled values. No solution is produced••
it the natrix is singular.

'/

Iinclude °°n¤tgeon.h”

/«
••

natinv:
••

Main driver routlne.
°/

extern FILE •1np!ile, •outlile;

void
nat1nv(anat, natdln, invezse, aingular)

COEFMAT anat;
/•

Matrix to invert */
COEFMAT lnverae;

/•
Inverse natrix

•/

int natdin;
/•

Matrix size
•/

char *a1ngu1ar;
/•

TRUE it natrlx is slngular
•/

(
double •scale; /· Scaling tactors — row nagnitudes

(row elenents are not actually
acaled)

•/

COEFMAT tnat;
/•

Copy ot anat
•/

int indexl, index];
/•

Matrix and vector indices */

/•
scale space allocated dynanioally

•/

acale
-

(double
•)

na1loc(natd1n
•

a:I.zeot(double) ) ;

/•
Make copy ot anat

•/

ll€¢0PY(IlIC; natdin, natdin, tllt);
/•

Inltiallze the lnverse natrlx to the identity natrix ~/
1dentnat(:I.nverae, natdin);

/•
Inltialize, trlangularize, and nornalize

•/

1n1t(tnat, natdln, l¤l].G)}
d1l§(Cllt; inverae, natdin, scale, alngular);
it (I •s1ngular)

norn1nv(tnat, inverse, natdln);
elsa

ngwarn(°°natlnv°°, ”s:lngu1ar natrix”) ;

l;

/•
*•

diag:
••

Dlagonalize a natrlx (augnented with lnverse IICIIX)*•
using row plvotlng with inplicltly scaled row elenents .•*
Detects alngular natrlx.

"/

void
d1lg(lllf; rhsnat, natdin, scale, singular)

COEFMAT anat;
/•

Coetticient natrix
•/

COEFMAT rhanat; /* RIS (ÄBVBIBB) natrix
•/

int natdin;
/•

Matrix size ·/
double scalell;

/•
Scaling tactors ·/

char *a:(ngu1ar;
/•

TRUE if the natrix is singular
•/

(
int indexl;

/•
Row index

•/

int collnx;
/•

Colunn index
•/

int naxrow;
/•

Pivot row index - has naxinun
scale ratio

•/

char nonzero; /* TRUE lt pivot row tound — naxinun
scale ratio nonzero

•/

collnx ¤ 0;

indexl
-

0;

/* Continue diagonallzation until next to last row done or until
last colunn reached.

•/

whi1e((1ndexl < natdin - 1) GG (colinx < natdin - 1))
(

/•
Find index ot next pivot row

•/
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t1ndp1vt(anat, scale, nstdin, indexl, scolinx,
bnaxrow, snonzero);

/•
None tound il 1 nonzero. 1 ncnzero

-->
done

•/

it (nonzero)
I /•

swap current and pivot rows
•/

dswaprow( anat, rhsnat, natdin, indaxl,
naxrov),

/•
Sweep entire row using pivot row

•/

dsweep(anat, rhsnat, natdin, indexl,
colinx);

it (colinx < natdln - 1)
col:lnx++;

index1++,

I1
I:

/•
Undeternined values it indexl 1- natdtn - 1 or it last

diagonal elenent ls 0
•/

•singular
-

(indexl I- natdin ~ 1)
[ I (dans(anat[natd:I.n - 1][llCd1l - 1]) < BPSILON);

/•
sweep last colunn

•/

it (1 ·singular)
dsweep(anat, rhsnat, natdin, natdin — 1, natdin - 1);

I1

/«
••

dsweep:
•*

Sweep elenents in all rows except the current row
*/

void
dsweep(anat, rhsnat, natdin, indexl, colinx)

COEFMAT anat;
/•

The natrix
•/

c0I:rMA'l' rhsnat;
/•

Ins natrix
•/

int natdin;
/•

Matrix size
•/

int indexl;
/•

low index iron outer loop in
diag

•/

int colinx;
/•

Colunn index
•/

I
int index}, index};

/•
Matrix and vector indices */

double nulttact;
/•

low nultipltcation tactor
•/

/•
Pertorn sweep starting at tirst row

•/

tor (index}
-

0; index} < natdin; index}++)

it (index} 1- indexl)
I

nulttact
-

anatlindexil (colinx] /
anatlindexll [colinx] ;

/•
Adjust row Iron colinx to end and RIS row ~/

tor (index:
-

collnx; index3 < natdin; index3++)
anat!1ndex})[1ndex3] —-

nulttact
•

anat|index1][index3];
!or (index}

-
0; index!] < natdin; i.ndex3++)

rhsnatl:I.ndex}] lindexll --
nulttact

•
rhsnatlindexll [index!] ;

I1

lr

/•
*•

dswaprow:
*•

Swap two rows in the natrlx and RIS natrix
'/

void
dswaprow(anat, rhsnat, natdin, indexl, IIXIOV)

COMIMAT anat; /* Coetticient natrix
•/

COEFMAT rhsnat;
/•

RIS natrix */
int natdin;

/•
Matrix size

•/

int indexl, naxrow;
/•

Rows to swap
•/

I
int index};

/•
Matrix index ~/



tor (index!
-

0; index! < natdin; 1ndex!++)
(

lYlPd(S(llIt[1IlÜ•X1] [index!] ) , uanatlnaxrow) [index!] ) ) ;
awapd(&(rhsnat[1ndexl] [index!] ) ,

a(rhsnat[naxrow] [index!] ) ) ;

I

I;

/a·
•*

norninv:
•*

Nornalize inverae natxix by dividing each row by the
••

diagonal elenent in the diagonalized natrix
'/

void
norninv(anat, rhanat, Iltdil)

COEFMAT anat;
/•

The diagonnlized natrix */
COEPMAT rhsnat; /* Inverse natrix to nornalize

•/

int natdin;
/•

Matrix size
••/

(
int lndexl, index};

/•
Matrix indices

•/

double dlagval;
/•

Dlagenal value Iron anat
•/

tor (ÄIICCXI
-

0; lndexl < natdln; 1ndex1++)

I
dlagval

-
anatl index!.) [index!.] ;

it (daba(diagval) > IPSILON)
tor (IIIGOXZ

-
0; index! < natdin; index2++)

rhsnatlindexll [index!] /- diagval;
else

ngwarn(°°norninv°°, °°diagonal
-

¤.0°°);
I;

I;

/«
•*

natopa.c:
••

Miacellaneoua natrix and vector operations.
*/

Iinclude natgeon.h

/•
*•

natsun:
·•

Sun ot two natrices
*/

void

natsun(natl, nat!, norow, nocol, natrea)
c0l:!‘MA'1' natl, nat!;

/•
Matrices to sun ·/

int norow, nocol;
/•

Nunber ot row: and colunn:
•/

COBPMAT natres;
/•

Sun natrix */

(
int indexl, index2;

/•
Matrix indlces

•/

tor (lndexl
-

0; lndexl < norow; 1ndexl++)

tor (index!
-

0; index! < nocolz i¤dex!++)

natre:[index1][1ndex!]
-

natllindexll (index!)

+ nat! [ Lndexl] [index!] ;

I;

/t
•*

vectsun:
•··

sun ot two vector:
'/

void
vect:un(vect1, vect!, vectsize, vectres)

double vectl[], vect![] ; /* Vector: to sun
•/

int vectalze;
/•

Vector size */
double vectreel ] ;

/•
sun vector

•/



I
int index; /* Vector index

•/

tor (index
-

0; index < vecteize; !.ndex++)

vectxeslindexl
-

vectllindexi + vect}[index],·

lr

/«
••

entditt:
·•

Ditterence ot two entricee
"/

void
eatditt(entl, ent}, norow, nocol, IICIII)

COBIMAT eatl, ent}; /* Met} nubtrncted troe entl
•/

int norow, nocol;
/•

Hueber ot rown nnd coluene */
COEIMAT entren;

/•
Ditterence entrix ¤/

(
int indexl, index}; /* Matrix indicen */

tor (iudcxl
-

0; indexl < norow; 1ndex1++)
tor (index}

-
0; index} < nocol; index}++)

entrenlindexl] [index2]
~ entl[indexl][1ndex}]

- ent}lindexl] [index2] ;

lr

/•
*•

vectditt:
*•

Ditterence ot two vectore‘/

void

vectdituvectl, vect}, vecteize, vectrea)
double vectl[] , vect}[] ;

/•
vectz eubtracted trce vectl ·/

int vectsize;
/•

Vector size
•/

double vectreel ] ;
/•

Ditterence vector
•/

(
int index;

/•
Vector index

•/

for (index
-

0; index < vectnize; index++)
vectreslindexl

-
veotllindexl - vect}[:|.nd•x] ;

lz

/•
••

entprod:
••

Product ot two eetricee

"/

void
entprod(entl, ent}, diel, die}, die), entree)

COEPMAT eetl, ent};
/•

Mntrices to eultiply
•/

int diel, die}, die);
/•

Mntrix dieeneione
•·/

conrnu n•t:••; /* Pr¤d¤¤t latrix ·/

(
int indexl, index}, index);

/•
Matrix indices

•/

double nue;
/•·

Teep. sue
•/

tor (indexl ~ 0; indexl < diel; index1++)
tor (index}

-
0; index} < die); 1ndex}++)

(
eue

-
0 . 0;

tor (index!
-

0; index! < die}; 1ndex!++)
sue +¤ entllindexll [index!]

•
ent} [index!] [index2] ;

entren[index1][1ndex}]
-

sue;

lr

11

/e



** natpwr:
*•

Power ot a square natrix (Power nust be nonnegative)

°/

void
natpwr(anat, nateize, power, natrea)

COIPHAT anat;
/•

Matricea to raise to power
•/

int nataize;
/•

Matrix size
•/

int power; /* Power to raiae the natrix to
•/

COEIMAT natree; /* Power natrix */

(
int indexl;

/•
Power index

•/

COEPMAT tenpnat;
/•

'Ienp. natrix */

1dentnat(natres, natsize);
tor (indexl

-
l; indexl <- power; 1ndex1++)

(
natprod(anat, natrea, natslze, natsize, natsize,

tenpnat)1
natcopy(tenpnat, nataize, natsize, natrea);

I1
I1

/•
••

innrprodz
•·

Inner product ot two vectore
'/

double
innrprod(vectl, vect), vectslze)

double vect1[], vect2[1;
/•

Vectors tor inner product
•/

int vectaize;
/•

Size ot vectors
•/

(
int index;

/•
Vector index */

double aun;
/•

'lenp. eun
•/

nun
-

0.0;
Ior (index ¤ 0; index < vectslze; 1ldQX++)

sun +¤ vectllindexl
••

vect)[index1;

return( aun );

I1

/«

** vnprod:
·•

Product ot a vector and a natrlx
*/

void
vnprod(avect, anat, dinl, din), vectres)

double avect[1;
/•

Vector to nultiply
•/

COBFMAT anat;
/•

Matrix to nultiply
•/

int din)., din);
/•

Matrix and vector dinensions ·/
double vectres[1;

/•
Product vector

•/

(
int indexl, index); /* Matrix and vector indices

•/

double nun;
/•

'1'enp. sun
•/

tor (indexl
-

0; index!. < dinl; 1.nd•x1.++)

(
aun

~
0. 0;

tor (index)
-

0; index) < din); index)++)
sun +- avect[1ndex2]

•
anat[index21[1ndexl1;

vectrealindexll
-

sun;

I1

I1

/•
••

nvprod:*•
Product ot a natrix and a vector

*/



void
nvprod(anat, avect, dinl, din}, vectres)

c0:FMA'!‘ anat; /* Matrix to nultiply */
double avect[];

/•
Vector to nultiply

•/

int dinl, din};
/•

Matrix and vector dinensions */
double vectresl 1 ;

/•
Product vector

•/

(
int index}., index}; /* Matrix and vector indices

•/

double sun;
/•

Tenp. sun
•/

tor (indexl
-

0; indexl < dinl; indexl++)

(
aun ¤ 0. 0;
tor (index}

-
0; index} < din}; index}-++)

aun +- anat[indexl1[:|.ndex}l
•

avect[£ndex21;
vectrealindexll

-
sun;

P1

)1

/t
••

natcopy:
••

Copy a natrix
"/

void
natc¤py(anat, dinl, din}, natres)

COEPMAT anat;
/•

Original natrix
•/

int dinl, din};
/•

Matrix dinensions
•/

COEPMAT natrea; /* Copy natrix */

(
int indexl, index};

/•
Matrix indices

•/

tor (indexl
-

0; indexl < dinl; ind•xl++)

tor (index}
-

0; index} < din}; 1ndex2++)
natres[1ndexl1[:(ndex}1

-
anatlindexll [index2} ;

I1

/«
••

vectoopy:
•·

Copy a vector
"/

void
vectcopy(avect, vectsize, vectrea)

double avectllß /° Original vector
•/

int vectalze;
/•

Vector size
•/

double vectresll 1 /' Copy vector
•/

~

int index;
/•

Vector index */

tor (index
-

0; index < vectsize; index++)

vectres[1ndex1
-

avectllndexl;

)1

/•
*•

vncopyc:
·•

Copy a vector into a colunn ot a natrlx (Assunes that the natrix
••

ia o! type PROBMAT)

*/

void
vncopyc(avect, anat, vectatze, lIt¢01)

double avectll;
/•

Vector to copy */
PROBMAT anat; /* Matrix to copy into

•/

int vectsize; /* Vector size
•/

1;.1; natcol,
/•

Colunn ot natrix to copy into
•/

(
int index;

/•
Vector and natrlx index */



tor (index
-

0; index < vectaize; index++)

anatllndexl [natcol] ¤ avectlindexl ;

I1

/•
••

vncopyr:
••

Copy a vector into a row ot a natrix (asaunea that the natrix
•*

is ot type PROBMAT)
‘/

void
vncopyr(aveot, anat, vectsize, natrov)

double avectll ;
/•

Vector to copy
•/

PROBMAT anat;
/•

Matrix to copy into */
int vectsize;

/•
Vector size

•/

int natrov;
/•

Row ot natrix to copy into
•/

(
int index;

/•
Vector and natrix index

•/

tor (index ¤ 0; index < veotaize; index-•+)
anatlnatrowl [index] ¤ avectlindexl ;

I1

/•
¤•

nvcopycx
~•

Copy a colunn ot a natrix into a vector (Assunes that the natrlx
••

ia ot type PROBMAT)
"/

void
nvcopyc(anat, avect, coleize, natcol)

PROBMAT anat;
/•

Matrix to copy into
•/

double avect[1;
/•

Vector to copy
•/

int colsize;
/•

Matrix colunn size
•/

int natcol;
/•

Colunn ot natrix to copy tron */

(
int index; /° Vector and natrix index

•/

tor (index
-

0; index < colaiza; ilGQX++)
avectllndexl

-
anatllndexl (natcoll ;

I1

/•
•*

zeronat:
•*

set all entries in a natrix to zero
'/

void
zeronat(anat, dlnl, din})

COEFMAT anat; /* Matrix to zero
•/

int dinl, din}; /* Matrix dinensions */

(
int index]., index};

/•
Matrlx indices

•/

tor (indexl
-

0; indexl < dlnl; 1ndex1++)

tor (index}
-

0; index} < din}; index2++)

anat[i¤dexl)[1ndex2]¤ 0. 0;
I1

/•
••

zerovect:
•=*

Set all entries in a vector to zero

'/

void
zerovect(avect, vectsize)

double aveotll;
/•

Vector to zero
•/

int vectsize,· /' V•¢£¤! Bill
‘/

(
int index; /* Vector index

•/



tor (lndex
-

0; index < vectsize; 1ndex++)

avectlindexl
-

0.0;
I1

/«
••

onevect:
••

Set all entries in a vector to one
'/

void
onevect(avect, vectsize)

double •v•¤tl
1 ; /· vector to set to ones ~/

int vectsize;
/•

Vector size
•/

I
int index;

/•
Vector index

•/

tor (index
-

0; index < veotsize; 1ndex++)
avectllndexl

-
1 . 0;

I1

/•
••

ldentnat:
••

Construct identity natrix
*/

void
identnat(a¤at, uatdiu)

COEFMAT anat;
/•·

Matrix set to identity uatrix
(Must be square)

•/

int uatdil;
/•

Matrix size
•/

(
int indexl, index);

/•
Matrix lndices

•/

tor (indexl
-

0; lndexl < natdin; 1ldOX1++)

tor (index)
•

0; index) < natdiu; :I.ndex)++)

auatlindexll [:I.ndex)]
•

(lndexl -¤ index2)? 1.0: 0. 0;
I;

/•
••

diageat:
•·

Construct a diagonal natrlx Iron a vector

*/

void
diag¤at(avect, vectlen, dnat)

double avectll;
/•

Vector to use tor diagonal
•/

int vectlen;
/•

Vector length
•/

COBIMAT deat;
/•

Matrix set to a diagonal natrix
(Must be square)

•/

(
int indexl, index);

/•
Vector and natrix indices

•/

tor (indexl
-

0; lndexl < vectlen; iICOX1++)

tor (index)
-

0; index) < vectlen; :I.ndex)++)

duatlindexll [index2]
-

(lndexl
--

indexi)?
avectlindexllz 0. 0;

I;

/•
••

nnaxditl:
*¤ Maxinun elenent by elenent absolute ditterence between two
•* square natrices
"/

double
nnaxditf(natl, nat), Ilßdil)

COEIMAT nstl, nat);
/•

The uatrices (nust be square) */
int natdin;

/•
Matrix size

•/

(
int indexl, index);

/•
Matrix indices

•/



double ditt;
/•

Absolute value o! ditterence

between two elenents
•/

double naxd;
/•

Mnxinun ditterence
•/

naxd
-

0 . 0;
tor (index!.

-
0; indexl < natdin; 1¤dexl++)

!or (index]
-

0; index) < natdin; 1ndex2++)
(

dit! ¤ dabs(natl[indexl1[index2) -
nat2(indexll[index21);

it (dit! > naxd)
naxd

-
ditt;

I;

xeturn(naxd);
I;

/•
*•

vectelsun:

** Sun the elenents ot a vector.

'/

double
vectelsun(ave¤t, vectlen)

double avectll;
int veotlen;

(
int vectinx;
double sun;

sun
-

0. 0;
tor (VO¢CilI!

-
0; veotinx < vectlen; vectinx++)

sun +- avectlvectinxl ;

return( sun );
I;

/t
••·

vnaxdittx
•·•

Maxinun elenent by elenent absolute ditterence between two
*•

vectors
*/

double
vnaxditt(vectl, vect2, vectlen)

double vectlil, vect2[1;
/•

'1'he vectors */

int vectl•¤1 /* Vector length
•/

(
int index;

/•·
Vector index

•/

double ditt;
/•

Absolute value ot ditterence

between two elenents
•/

double naxd; /· Maxlnun ditterence
•/

naxd
-

0. 0;
tor (index

-
0; index < vectlen; 1ndex++)

(
dit!

-
dabs(vectl[1ndex1

— vectllindexl ) ;

1t(d1tt > naxd)
naxd

-
ditt;

I;

return(naxd);
I;

/«
*•

nattransp:
•*

Txenspose e square natrlx.

'/

void
nattransp(snat, natdin, natres)

COE!MA'! anat;
/•

Matrix to transpose
•/

int natdllz /* Matrix size
•/



COEIMAT natres;
/•

Transpose natrix */

(
int natlnxl, natinxl;

/•
Matrix indices

•/

tor (natinxl
-

0; natinxl < natdin; nat1nx1++)

tor (nat:I.nx2
•

0; natinxl < natdin; nat1nx2++)

natreslnatinxil [natinxll
-

anatlnatinxll [nati.nx2l ;
];·

/«

** ngn1sc.c:
*•

Miscellaneous routines tor dynanic hierarchy/ natrix geonetric
·•

analysis.
'/

{include ”natgeon.h°°

/«

** IQWIII:
••

Irlte error (warning) nessage and source routine nane to standard
•*

error.

*/

void
ngwarn(source, nessage)

char •sour¤e;
/•

blane ot calling routine
•/

char •nesaage;
/•

Error or warning nessage
•/

‘ „ ..
tpr1nt!(std•rr, warn£ng· \a« \s\¤ , source, nessage);

l;

/I
••

labeliox
••

lead ID label tron tiret line ot input tile and print it as tirst

** line o! output !i.le.
'/

void
labelio()

(
char lochar;

tscanuinptile, °°\c°', siochar);

wh1le( iochar I- NEIILINI)
(

tprlntuouttile, °°\c°°, iochar);

!scan!(1¤p!1le, °°\c°°, siochar);

I1
tprintuouttile, °°\n°°);

)1

/•
••

ngprob.c:*•
Routines tor conputing rate natrix, natrix-geonetric queue

•*
length probabilities, nean queue length, and virtual waiting

••
tine tor dynanic hierarchy/ natrix-geonetrlc analysis.

*/

{include ”natgeon.h°°

/•
*•

ratenat:

** Conpute rate natrix by lteration starting with R
-

0.

"/

void
ratenat(envgenrt, arrvrate, eervrate, noenv, eprob, rnatrix)

COEPMAT envgenrt;
/•

Iznvironnent process generator */
double arrvrateil;

/•
Arrival rate vector ¢/

double servratel l ;
/•

Service rate vector
•/

int noenv; /* hlunber ot environnent states
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(and size of rate natrix)
•/

double eprohi 1 1 /' Stationnry probability vector
of the environnent process

•/

COEIMAT rnntrixz /* The rnte natrix */

(
COEFHAT gentransp1 /· Tranapose of environnent process

generator
•/

double nvgerrv1 /* Henn nrrivnl rate '/
double avgserv1 /* Mean service rate */
double nediffz

/•
Haxieue elenent by elenent

difference between two iterates
of the rate eatrix */

double ved1ff1 /' Naxieue eleeent by elenent
difference between two vectors

- used for accuraoy check
•/

double •teepv•c1, •teepve¤21
/•

Tenp. vectors used in nccuracy
check

•/

char singulltx /¤ TRUE is rate natrlx is s1ngu—
lu: ·/

char done:
/•

TRUE when stopping condition
(on iterates of rnstrix)
eatisfied

•/

CQEFHAT d1ngarrv1
/•

Dlngonal nntrix based on nrrivnl

rate vector
•/

COEFHAT dLagaerv1 /* Diagonal latrix based on service

rnte vector ~/
COEFHAT d£agas1

/•
Diagonal natrix based on sun of

nrrivnl and service rnte vectors
•/

COEFMAT al¤at1
/•

Matrix difference between envgenrt

and dingns
•/

COEFHAT IIÄIIY} /* xnvexse of alent
•/

COIFKAT rnntoldz
/•

Previous iterate of rate natrix
•/

COEIHAT roldi;
/•

Previous iterate of rate eatrix

squared */
COEFHAT teepnntl, tenpnnt21

/•
Teep. eatrlces

•/

/* Also used in nccuracy check
•/

double altgeesn1
/•

dings var
•/

int iter ¤ 01

/•·
stntlonary probability vector for environnent process (eprob)

is calculated in eain or elsewhere
•/

/•
Test for systen stability

•/

avgarrv
-

innrprod(eprob, arrvrate, noenv)1

avgserv
-

:I.nnrprod(eprob, nervrate, noenv)1

if (avgarrv > evgserv)
egwarn(°°rnte¤at", °°gueue is not stab1e°°)1

/•
Conpute sone eatrices for use in the iteration for the rate

nntrlx
•/

disgeat(arrvrnte, noenv, diagarrv)1

diageat(servrnte, noenv, diagserv)1

eatsue(diagarrv, dlagserv, noenv, noenv, Cil§lI)}

eatdiff(dingas, envgenrt, noenv, noenv, alent)1

eat1nv(nleat, noenv, allnv, sslngulnr)1

if (eingular)
|gwarn(”retenat', ”¤atrix A1 singular”)1

/* Set first iterate to the zero entrix and continue iteration

until condition on eaxieue difference sstisfied
•/

zero¤et(r¤eto1d, noenv, noenv)1
done

-
FALSE;

while (I done)
(

eatprod(reatold, rentold, noenv, noenv, noenv,

roldl ) 1
eatprod(rold2, diagserv, noenv, noenv, noenv,

tlIPIlt1)/
¤atsu¤(diagarrv, tenpnatl, noenv, noenv, tenpnat2)1

entprod(teepent2, nlinv, noenv, noenv, noenv,

rentrix) 1

eediff • neaxdifurnntrix, rnatold, noenv, noanv);
done

-
nediff < STOPEPSV1

/•
dings

•/
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1ter++,
it (I done)

natcopy(r¤atr1x, noenv, noenv, rnatold)1

I1

/¢ check accuracy ot solution
•/

tenpvecl
-

(double
•)

nalloc(noenv
•

s1zeot(double))1
tenpveol

-
(double

•)
ll110¢(h0IhY * s1zeot(double))1

natd1!!(•nvgenrt, d1agarrv, noenv, noenv, CllPllC1)}
latprod(r|atr1x, diagserv, noenv, noenv, noenv, tenpnat.2);
/•·

tenpnatl 1s reused end overwritten here- ok w1th natsun */
netsun(tenpnetl, tenpnat2, noenv, noenv, tenpnatl)1
onevect( tenpvecl , noenv) 1
nvprod(tenpnatl, tenpvecl, noenv, noenv, teepvecä)1
zerovect( tenpvecl , noenv) 1
veditt

-
vnaxd1t!(tenpvec2, tenpvecl, noenv) 1

it (ved1!! > ACCIPSV)
ngwarn(°°ratenat”, ”accuracy check ta1led”) 1/•

diags ·/
tp1·1nt!(stderr, nratenat acc

• \t\n”,
ved1t£)1

!pr1nt!(stderr, °°nunber ot 1ter tor R- \d\n°°, 1ter)1
/•

diegs. - elternete conputation ot neen Q len
•/

1d•ntnat( tenpnatl , noenv) 1
natd1!!(tenpnatl, rnatrix, noenv, noenv, €ClPll€2);
¤at1nv( teepnatl , noenv, teep¤at2 , seingular) 1
vnprod(eprob, tenpnatl, noenv, noenv, tenpvecl)1
vnprod(teepvecl, rnatrix, noenv, noenv, tenpvecl)1
onevect(tenpvecl, noenv) 1
altqnean

-
1nnrprod(t•epvecl, teepvecz, noenv)1

tpr1ntt(stderr, °°alt. nean q len
-

\!\n°°, sltqeean)1

I1

/•

** qprob:
*•

Coepute eatrix ct eatr1x·geonetr1o queue length probab1l1t1es.
*•

Stopp1ng condition 1s I4A!( (sun ot queue length prob. tor level
*•

1) - (env1ronnent 1 etat1onary prob. )) < a enell nunber }

*/

void

qprob(rnatr1x, arrvrate, servrate, eprob, noenv, glenprob, ICOPQIOI)
COEIMAT rnatr1x1

/•
Rate netrix

•/

double arrvratel l 1
/•

Arr1val rate vector
•/

double servrste!]1
/•

serv1oe rate vector
•/

double eprob[]1
/•

Stat1onary probabllity vector
tor the environnent process

•/

int noenv1
/•

Hueber ol environnent states
•/

PROBHAT qlenprob1
/•

Matrix of gueue length prob-
abilities. (Row index

-
env.

state. Coluen index
-

queue
length) */

int •stopqlen1
/•

Index ot last queue length tor
which probability conputed

•/

(
1nt env1nx1 /* Environnent index

•/

int qlen1nx1
/•

Queue length 1ndex
•/

double •teepvecl, 'COIPVICZJ
/•

Tenp vectors ·/
double •pr¤bsun1

/•
sun ot queue length probab1l1-

ties tor eacb environeent state ·/
double ved1tt1

/•
Ditterence between eprob and

probsun. Used tor cbecking stop-
ping condition

•/

coE!'I4AT 1rd1t!1
/•·

Ditterence between identity
natrlx and rate natrix */

COIHIAT 1d¤at1 /'· Ident1ty natrix
•/

char done1
/•

TRUE when stopping condition
sat1st1ed

•/

/•
Allocate local vector space

•/

tenpvecl
-

(double ··) ealloc(noenv
•

s1zeo!(double) )1

tenpvecl
-

(double
•)

nalloc(noenv
•

sizeot(double)),·

probsun
-

(double *)ll110C(¤¤elIV
•

s1zeot(double))1

/¤ Conpute level 0 probabilities
•/

1dent¤at(1d¤at, noenv) 1
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netd:I.tt(:I.dnet, rnntrix, noenv, noenv, irditt)1
vnprod(eprob, irditl, noenv, noenv, tenpvecl)1
/•

Copy probebilitiee into prob. nntrix
•/

vncopyc(tenpvecl, qlenprob, noenv, 0)1

/· Conpute probebilitiee until etopping condition sntistied
or end of prob. netrlx renched

•/
/•

Initlalize prob. sunn to level 0 probnbilitinn
•/

vectcopy(tenpvecl, noenv, pzobeun)1
done ¤ IALSI1
qleninx

-
11

while ((I done) H1 (qlenlnx <¤- MA!_Q!„EN))
(

vectcopy(tenpvecl, noenv, tenpvecz)1
vnprod(tenpvec2, rnetrix, noenv, noenv, tenpvecl)1/•

Copy probebilitlee tor thin level into prob.
netrlx

•/

vncopyc(tenpvecl, qlenprob, noenv, qleninx);

/•
Check etopping condition

•/

veotnun(probnun, tenpvecl, noenv, probnun)1
veditt

-
vnnxditueprob, probeun, noenv) 1 1

done
•

veditt < STOPBPSV1
qleninx-++1

I;

lt (Q done)
ngwern(°°qprobnat°°, °°accuz·ncy check !n1l•d°°)1

•etopqlen
•

·-qleninxz
I;

/•
•*

qnenn:
••

Conpute conditlonnl (on environnent) end unconditional queue
••

length nenne.
'/

void

qnenn(eprob, noenv, qlenprob, etopqlen, condqnean, uncqnenn)
double epzobl l 1

/•
Env. etetionnry probnbilities

•/

int noenv1 /* Nunber ot environnente
•/

PROBMAT qlenprob1 /* Iznvironnent/queue length
probebilitiee

•/

int •topql•n1
/•

Laet index tor which queue length
conputed

•/

double condqnenn[]1
/•

Conditionnl nenn queue length
•/

double •uncqnenn1
/•

Unconditlonel nenn queue length
•/

(
int OIYÄIX}

/•
lnvironnent index

•/

int glenlnx1 /* Queue length index
•/

double wtp•un1
/•

Pnrtlnl nun in conputing expected
value

•/

/* Celculate vector ot queue length nenne conditloned on env.
ntete. condltionnl queue length probebility in joint env./queue
length probebillty divided by env. stationary probnbility

•/

tor (envinx
-

01 envinx < noenv1 env:Lnx++)
(

wtpnun
-

0 . 01
tor (gleninx

-
11 qleninx < ICOPQIODJ q1eninx++)

wtpeun +- qlenlnx
•

qlenproblenvinxl (qleninx]
/ eprob[envi.nx]1

condqneenlenvinxj
•

wtp•un1
I1

/* cnlculnte unconditlonel nenn queue length by renoving condition
on env. etnte in the conditionel nenne and running ·/

wtpsun
-

0 . 01
to: (envinx

-
01 envinx < noenv1 •nvi.nx++)

wtpsun +- eproblenvinxl
•

condqnenulenvinxl 1
*uncqneen

-
wtpeun1

I;

/•
••

qdelny:
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•*
Conpute (unconditional) nean virtual waiting tine.

'/

double
qdelay(envgenrt, eprob, noenv, servrate, qlenprob, stopqlen)

COIIMAT envgenrt; /* Env. process generator ·/
double eprobll ;

/•
Inv. stationary probabilities

•·/

int noenv;
/•

Nunber of env. stetes
•/

double servrete[1 ;
/•

Service rate vector
•/

PROBMAT qlenprob; /* Queue length probabilities
••/

int etopqlen;
/•

Last index for which queue length
conputed

•/

(
int qleninx; /* Queue length index

•/

int innerinx;
/•

Inner loop index
•/

double wbar;
/•

Partial sun in conputing nean
virtual waiting tine ·/

double neenserv;
/•

Mean service rate
•/

COIIMAT innersun;
/•

Matr1x sun forned in inner loop */
double •qprobv•ct;

/•
Queue length probabilities for

a fixed queue length
•/

COIIMAT diagserv;
/•

Diegonal netrix based on service
rate vector

•/

COIIMAT tenpnat; /* 'Ienp. natrix
•/

double •tenpvec1, •tenpvec2;
/•

'renp. vectors
•/

COEIMAT natl , nat! , nat3 , nstt , net5;
/•

Misc. use natrlces
•/

char singular;
/•

Returned as '1'RUI lf slngular
natrix passed to natinv

•/

/* Allecate space for vectors
•/

qprobvect
-

(double
•)

le!.1¤¤((et0pq1•¤ + 1.)
•

stzeot(double));
tenpvecl

•
(double

•)
na1loc(noenv

•
sizeof(double) );

tenpvecl
-

(double
•)

ealloc(noenv
•

s1zeot(double));

/* rorn initial values of natrices
•/

d1agnat(eervrete, noenv, dlegserv);
natd:I.ff(d1egserv, envgenrt, noenv, noenv, tenpnet);
net1nv(tenpnat, noenv, netl, ssingular);
natprod(natl, diegeerv, noenv, noenv, noenv, natl);
/•

Matl is initial value of inner sun natrix.
•/

natprod(natl, nat}, noenv, noenv, noenv, nat3),~
netcopy(nat3 , noenv, noenv, nett ) ;

/•
conpute nean virtual waiting tine

•/

wber
•

0. 0;
for (qleninx

-
1; qleninx <¤ stopqlen; qleninx++)

I /•
Add current iterate ot inner sun.

•/

nvcopyc(qlenprob, tenpvecl, noenv, qleninx);
vnprod(tenpvecl, nat3, noenv, noenv, tenpvec2);
enevect(tenpvec1, noenv) ;
wber +·- 1nnrprcd(tenpvec2 , tenpvecl, noenv) ;

/•
Conpute next iterate of inner sun.

•/

natprod(natt, nat), noenv, noenv, noenv, nat5);

natprod(nat2, nat3, noenv, noenv, noenv, natl);
natsun(nat5, natl, noenv, noenv, natl);

I1
neanserv

-
innrprod(eprob, aervrate, noenv);

/•
Add nean service tine to get total waiting tine */

wber +- 1.0 / neenserv;

return( wber );
I;

/a·

** netdelay. c
•·*

Mein progran and routines for dynenic hiererchy network delay.

'/

{include <stdio.h>

{define IALSI 0
{define TRUE 1
{define MEWLIMI '\n'
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/•

-
2

•
(l(AX_NODl — 1)

•/

/•
nod•s ar• nunbozod 0 to nonodo — 1, anv states az• nunbozod 0

to noonv -
1, nnd 11nka a:• nuab•z•d 1 to nolink.

•/

typadnt doublo RA'l‘EHA‘![MA1_ENV] [HA!_LINK + 1] I/•
Link •rr1va1 x·nt• vactora ·/

FILE •1npti1•, •¤ut!:I.1•I

/«

** inponvz•* Road onvrionnont pzocoaa intoruation.
'/

void
inpanv(no•nv, oprob)

int •no•nvI
doub1• •prob[] I

(
int CDYÄIX}
int tno•nvI

t•cant(1npt11•, °°\d°°, no•nv)I
tno•nv

-
•no•nvI

to: (onvinx
-

0I •nvinx < tno•nvI •nv1nx++)
t•c•nt( 1np1i1•, °°\1t°°, &(oproh[•nv1nx]))I

D1

/«
•• inplinkratoz
••

Road axrivnl :at• nntzioos.
'/

void
inp11nkx·•t•(no•nv, nolink, 1inkrat•, thruput)

int no•nvI
int *II011hk}
RATEHAT IÄIKZICO}
doub1• thzuput[l1

(
int •nv1nxI
int 1£nkinx1
int tno1ink1

t•ca¤!(inpti1•, °°\d°°, no11nk)I
tnolink

-
‘l01iIIK}

tor (onvinx
-

0; onvinx < no•nvI ¤nv:Lnx++)
I

to1·(11nkinx
-

1; linkinx <- tno11nk,· 1inkinx++)

tacan!(i.npti1•, ”\1t°°,
&(1inkr¤te[onvinx][1inkinx]))I

!•cant(inp!i1•, °°\1!°°, s(th:uput[envinx] ) ) I
I1

I1

/•
••·

labelioz•• Road ID 1•b•1 Iron tizat 11n• ot input !11o and print it aa tirat
•• 1:ln• ot output ti1•.
'/

void
1¤be11o()

(
char locker;

tacan!(inp!:I.1•, °°\o”, Liochu:) I
\•h11•(10¤h|! I- NIILIIIE)



I
!pr1nt!(outtlle, iochnr);
!sonn!(1np!il•, °°\¤”, Liochnr) ;

I1
!pr1ntt(out!1le, °°\n”);

I1

/«
•*

inplinkdelnyz
•• Rend nenn delay tor individual links.
*/

void
inpl1nkd•1ny(nol1nk, linkdelny)

int nollnk;
double llnkdelnyll;

I
int l1nkinx1

tor (linkinx
•

1; linklnx <- nolink; l£nk1nx++)
!sonn!(1np!:I.l•, °°\lt°°, &(linkd•lny[l1nkinx) ) ) ;

I1

/«

** outnennrntea
••

Print nenn link nrrival rntea.

'/

void
outnennrnte(nolink, nlinkrnte, nenntput)

int nolink;
double nlinkrntell;
double nenntput;

I
lnt llnk1nx1

\n );
!pri¤tt(outt:Ile, ”LINK NEM! AIRIVAL RA'x‘B\n°°);
!pr1ntt(out!1le, °°------—-——————————-—-—-—\¤°°);

tor (linkinx
-

1; linklnx <- nolink; llnklnx++)
!pr1.nt!(out!1l•, °° \3d •10.4t\n°°, linklnx,

nlinkrntelllnklnxl);
:p:1¤u(¤utu1e, °‘\¤°');
Ip!1h£I(¤\.lt!1l•, °°M!:AI TIIUPUT: \11.4!\n°°, nenntput);

Ii

/•
•~

outnetdelny:
¤· Print nenn network delny.
*/

void
outnetdelny(nn•td•lny)

double nnetdelay;

‘
.. „

tprlnt!(outfll•, \n );
fpx‘i¤t!(0ut¢i1e, ”HEAN NETWORK DELAY: \l2 . 4!\n”, nnetdalny) ;

Ii

/«
••

nennrate:
••

conpute nenn nrrivnl rntes (over all environnenta) tor links
••

and nenn throughput (over nll environnents) .

*/

void
n•nnrate(noenv, nolink, eprob, linkrnte, thruput, nlinkrnte, nenntput)

int noenv;
int nolinlu
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double eprobl l ;
IATEHAT linkrete;
double tbruputh ;
double elinkratel 1 1
double •eeentput1

(
int envinx, llnkinx;
double zeteeue;

/•
Coepute nean link errivel retee.

•/

tor (linkinx
-

1; llnkinx <- nolink; linkinx-+4)
(

reteeun •
0 . 01

tor (envinx
-

0; envinx < noenv; env:I.nx++)
rateaun +- eproblenvinxl

•
linkreteleuvinxl llinkinxl 1

nlinkratellinkinxl
-

ratesun;

I1

/•
coepute eeen tbroughput.

•/

zateeue
-

0.01
tor (envlnx

-
0; envinx < noenv; envinx-H)

retesun +• •prob[•nv:(¤x] * tb:uput[env1nx]1
•¤eantput

• rateeun;

I1

/e
•*

netdeleya
••

Coepute eeen network delay based on virtual delay (conputed
••

elaevhere) and arrival rates tor individeul linke.

"/

double
netdelay(no1ink, elinkrate, linkdeley, eeantput)

int nolink;
double ¤eli.nkrate;
double •linkdelay;

4 double |ee¤tput1

(
int linkinx;
double delsyeue;

delayeue ¤ 0 . 0;
!oz (linkinx

• 1; linkinx <- nolink; l1nkl.¤x++)
delayeun +¤ nlinkreteflinkinxl

•
llnkdelayllinkinxl ,~

deleyeun /- eeentput;

r•turn( delayeun );

I 1

ea1¤()

(
int noenv, nolink;
RATIIMAT linkrate;
double •tbzuput[HAX_l!lVl 1
double ••prob[MA!_lNV] ;
double •li.nkde1ay[KAX_LINK] ;
double •nli¤krate(MAx_LlNK1 ;
double eeantput;
double enetdelay;
int envinx;

inptlle
-

std:I.n,·

outtile
-

atdout1

labelio( ) ;
i.npenv( Gnoenv, eprob) ;

inpl1nkrate(noenv, anolink, linkrete, CÄIIIPUC);

inpli¤kdelay(¤o1ink, linkdeley);

eee¤rate(noenv, nolink, eprob, linkrate, thruput, IIÄIIXIICO;

eneentput) 1
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nnetdelay
-

netd•lay(nolink, nlinkrate, linkdeley, neantput);

outneanrate(nol1nk, nlinkrate, neantput);

outnet4elsy(nnetdelay) ;

D1

/«
•*

output.c:
*•

Output routines for dynanio hierarchy/ natrix geonetric analysis.

*/

Ginclude ”natqeon.h°°

extern FILE •outf1le;

/«
*•

outcnat:
•*

Write eugnented coefficlent natrix (natrix and RIS) vector.

*/

void
outcnat(anat, rhs, Iltdil)

COEFMAT anat; /* Coefficient natrix
•/

double rns[1;
/•

RIS vector
•/

int natdln;
/•

Matrix size
•/

(
int indexl, index}; /¤ Matrix lndicea

•/

/* Output fields are set for natrix size <- 99 and coefficient and
RIS values <- 999.999 ($6.3f field). Doubles are printed in
single precislon fornat. Lines will be too long and will wrap

lt natrlx size > 0
•/

fpr:I.ntf(outf1le, °°\nCoef!1c1ent natrlx:\n°°) ;
fprlntf(outfi.le,

”
°°);

ter (indexl
-

0; indexl < natdin; in4ex1++)
fprintf(outfil•, °° $24

”,
indexl);

:punu(¤¤u11•, ' zu \¤°';,
for (indexl

-
0; indexl < natdin; :(n4ex1++)

(
tpr1ntf(outfile, °°$2d°°, indexl);
for (index}

• 0; index) < natdin; index2++)

¢pr1¤u(¤¤tu1•, °'
••.a:",

(float) anatlindexl) [index2] );

fpr1ntf(outfile,
”

$6 .3f\n”, (float) rhslindexll ) ;

lx

I1

/«

** outnat:

·* Irite arbitrary square natrix.
'/

void
outnat(anat, natdin)

COI!‘HA'l' anat;
/•

The natrix
•/

int natdin;
/•

Matrix size
•/

(
int indexl, index2; /· Matrix indlces

•/

/•
Output fields are set for natrix size <- 99 and coefficient and

RIS values <- 999.999 (\6.3t field) . Doubles are printed in

single precision fornat. Lines will be too long and will urap

lf natrix size > I
•¤/

zp¤1¤u(outu1•, " °');
for (indexl

-
0; indexl < natdin; index1++)

fprintuoutfile, °° $24 °°, indexl);
fp!intf(outf11e, '\¤°');
for (indexl

-
0; indexl < natdin; index1++)

(
fpr:I.ntf(outflle, °°\2d°°, indexl);

for (index2
-

0; index2 < natdin; index)-++)

fprint!(outfil•, °° \6 . 3f”,
(float) anat|lndexl1[index21);



tprint!(outt1le, °°\n°°);

M

]1

/•
•·

outxval:
••

Ir1te solution vector ot N l1near eqnations in N unknovns

'/

void
outxvs1(xval, vectlen, noarb)

double xvsl[1;
/•

Solution vector */
int vectlen;

/•
Vector (and systen) size

•/

int nosrb;
/•

Nunber ot arbitrary values it
coerricient natrix 1s singular

•/

(
int index; /* Vector 1ndex

•/

/•
Output tields are set tor vector size <- 99 and solution values

<•
999.9999 (\7.4! tleld) . Doubles are printed in single

precision tornat.
•/

tprintt(outt:Lle, °°\n8olut1on ot \2d equations 1n \2d unknowns:\n",

vectlen, vectlen);
tpr1nt£(out!1le, °' 1 x(i)\n”)1
tor (index

-
0; 1ndex < vectlen; 1ldGX++)

!pr1ntt(outt1le, °°\2d \7.4t\n°°, index, xval[1ndex]);

£pr1ntt(out£:Lle, ”(\2d undeternined values set to I7 .4t)\n”,
noarb, ARBVAL);

1;

/«
••

outenv:
••

Ir1te generator and stationary probabillty vector ot the
••

environnent process.
*/

vo1d
oute¤v(envgenrt, eprob, noenv)

COEFHAT envgenrt; /* Invironuent process generator
•/

double eprob[1;
/•

stationary probability vector
ot envvlronnent

•/

int noenv;
/•

Nunber ot environnent states
•/

(
int envinx;

/•
lnvironnent index

•/

!pr1ntt(out!1le, °°\n!:nv1r¤nnent Process Gen•rator\n°!) ;
outnat(e¤vgenrt, noenv);
tpr1nt!(out!1le, °°\nI:nvi.ronn•nt Process stationary °°) ;

!pr1ntt(out!1le, °°Prohah1l1ties\n\n°°);
tpr1ntt(out!1le, °°lNVIRONMlN'1‘ PROBABILI'l'Y\¤”)1
gP;·1,ngg(°ug¢j,le, °°-——·————-—------------—-\¤°°),

tor (enviax
-

0; envinx < noenv; env1nx++)
!pr1ntt(out!ile,

°”
\3d \5.4!\n”, envinx,

eprob[env1nx]);
l;

/«
•*

outqrate:
••

Ilrite queue arrival rates, serv1ce rates, and rate nstrix.

*/

void
outqrate(arrvrate, servrate, rnatrix, noenv)

double arrvratel 1 ;
/•

Arrival rates ·/
double servrate[1 ;

/•
Service rates

•/

COEIHAT rnatrix;
/•

Rate natrlx
•/

int noenv;
/•

Nunber ot environeents
•/

(
int envxnx;

/•
Environeent index

•/
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fpr1nt£(outtile, °°\nQueue Rat••\n\n°°)I
!p1·lntt(outt1le, °°ENvIRONMEN1' ARRIVAL RATE SERVICE RÄTE\II„);
¢p:1¤t:(¤ut¢11•, °'-------—————---—-———---——-——-——————-———\¤"),
tor (envinx

-
0I envinx < noenvI envinx++)

!print!(out!ile,
”

\3d \7.•t \7.4t\n°°,
envinx, arrvratelenvinxl , eervratelenvinxl ) I

!pr:I.ntf(out!1le, ”\nRate Matrix\n”)I
out¤et(r1atr:I.x, ¤oenv)I

la

/«
•• outqprob:
••

Irite joint queue length/environnent probabilities (and
••

their sun tor each queue length).

'/

void
outqprob(gl•nprob, noenv, etopqlen)

PROBMAT qlenprobI
/•

Matrix o! probabilities ~/
int noenvI

/•
Nunber ot environnenta */

int •topqlenI
/•

Index ot lest queue length
probabllity oonputed

•/

(
int OBVIIX}

/•
Env. (row) index

•/

int qlen1nxI
/•

Queue length (coluun) index
•/

double qprob•u¤I
/•

Sun o! probebilitiea tor a tixed
queue length

•/

tprintuouttlle, °°\¤Queu• Length/Environnent Probabilit1ea\n\n°°) I
tprintt(out!1le, °° QUIUE\h”) I
tpri.nt£(outti1e, ”LE|IG’l'l lNvIRONM!NT\l”)}
fpr1.¤t!(0utl11e, " "II
tor (envinx

-
0; envlnx < noenv; envinx++)

!pr1ntt(outt:I.le, °'
\Jd”,

envinx)I
tprlntüouttile, °° SIJM\n°°)1
tprintuouttlle, °°——-—--”)I
tor (envinx

-
0,- envinx <- no•nvI envlnx++)

tpzintuouttile, ”——-——-——°°)I

tpzint!(out!11•, "-\¤’°)I

tor (qleninx
-

0I qleninx <- atopqlenI qlen1nx++)
(

tpr1nt!(out!1le, °° ltd °°, glen|.nx)I
qpzobsun

-
0.0I

tor (envinx
-

0I envinx < noenvI envinx++)

(
!pr1ntt(out!1le, °° \5.4t°°,

qlenproblenvinxl [qleninx] ) I
qprobeun +- qlenprohfenvinxl lqlenlnxl I

M
tpzintqouttile, °° \5.4t\n°°, qprob•u¤)I

M

M

/t
*•

outqnean:
·•

Write conditional und unconditional nenn queue length;.

'/

void
outq¤een(condg•ean, uncqeenn, noenv)

double oondqneanl | I
/•

Condltional nean queue lengths
•/

double uncq¤eanI /* Unconditionel nenn queue length */
int noe¤v,~

/•
Hueber o! environnents

•/

(
int envinxI /· Environnent index */

¢pr1nt!(out!ile, °°\¤Quou• Length Meen•\n\n”) I
tpr:I.nt!(out!i.1e, °° CONDITIONAL MEAM\n°°) I
tp1.·intt(out!1le, °°ENVIRONMEN'l‘ QUEUE LENG'l'H\n°°)1

tpr:LntI(outt1le,”-————-----———------———····—··tex
(envinx

-
0I envinx < ¤oenvI envi.nx++)

!pzi¤tt(outtile,
”

\Jd \l0.5!\n°°, envinx,
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condgeeanlenvinxl ) ;
tpri.nt!(outH.1e, ”\nUMCONDITIONAL MEAN QUEUE LENGTE: \10. 5f\¤”,

uncqeean) [
}1

/«
•*

outqdeley:
•*

Write (uncondltlonal) nean virtual waiting tlee tor a queue.

"/

void
outqdeley(neande1ay)

double eea¤delay[ /* Mean delay (virtual waiting
tine)

•/

(
:p:1¤¢¢(¤¤1:¢11•, °\¤"),
!pri¤tI(outtile, °°MEAN DELAY (VIRTUAL IAITING TIME): ill. 5!\n\¤”,

eeandelay) ;

I1

/«
•¤

probvect.c:
••

Routines tor coeputing the invariant probahility vector tor
••

a Markov process with a tinite state space. Part ot the dynaeic
••

h1erarchy/ eatrix geoeetric analysis routlnes.

'/

Iinclude °°eatgeoe.h°°

/«
••

probvect:••
Coepute invariant probability vector tor a Markov process with a

*•
tinite state space.

*/

void
probvect(generstr, nostate, statprob, singular)

COEFMAT QOIOZICIJ
/•

Tranapose ot generator
tor the process */

int ncstate[
/•

Hueber ot etates
•/

double statprobll1
/•

Invarlant probablllty vector
tor the process

•/

char •s1ngu1e!1
/•

TRUE it the reduced size
systen ct equations ls
singular

•/

I
double 'IÄII

/•
RIS vector (ot zeros) used

in solvlng tor the state
prohabilitiea

•/

lnt index;
/•

vector index
•/

/* Allocate and lnitialize Rus vector
•/

rhe
-

(double *)ll110¤(¤0ltat•
•

s1zeot(doub1e))[

zerovect(rhs, nostate)[

/•
Solve the tirst noatate - 1 equations ot the systen and nornalize

the solution
•/

gausel1e(generatr, rha, nostate, nostate - 1, statprob, singular)[

it (I *eingular)
¤01:lp!ob( statprob, nostete) [

else
ngwarn(°probvect°°, ”s1¤gu1ar subnatrix ot generator°°) ;

I1

/«
•*

nornprob:

** Ilornalize state probebilities so that they sun to 1 .

*/

void
nornprclustatproh, nostate)

¢°“*>l•
•*·¤¢P!¤¤ll 1

/•
Invariant prohability



vector */
int noetateu

/•
Nunber of states */

(
int index;

/•
Vector index

•/

double probsuna /* Sun ot probabilitiea
•/

probeun
-

0. 0;

for (index ¤ 0; index < nostate; 1ndex++)

probaun +· etatproblindex] ;
if (probsun < EPSILON)

ngwarn(°°probvect”, °°probabi.l1ty sun
-

0°°);

for (index
-

0; index < nostate; ildGX++)

atatproblindexl /- probsun;

lr

/•
•*

•tatde1.c
••

Main progran and routinee for calculating link capacity
••

for a etatic hierarohy and then calculating nean network delay.

*/

{include <•td1o.h>
{include <nath.h>

{define MAx_hIODI 50
{define MAX_LINK !I

‘

/•

-
2 * (|(AX_NODl — 1)

•/

{define NEILINE '\n'

typedef double EVALVIC'1'[HAX_LI)Il + 1] ;
/•

Vector for nlsc. usee
•/

FILE •lnpfile, *outf1le;

/«
••

inpnetz
•*

Read all network paraneters.

*/

void
1npnet(linktraf, thruput, neannlen, totcap, nolink)

EVALVECT linktraf;

double •thruput, •neann1en;
double •totcap;
/•

double •tnax1
•/

int •nolink;

(
int linkinx;

int tnolink;

tscanuinpflle,
°°\d”,

stnolink);

•nol.1nk
-

tnolink;
for (IXIIIIIX ¤ 1; linkinx <- tnolink; link1.nx++)

f•canf(i.npf:Lle, hilf", &(1:Lnktraf[linkinxl ));

facanf(1npf1le, °°\lf°°, thruput);

fscenf(1npf1le, °°\1f°‘, neannlen);
fscanf(lnpf1l•, °\lf°°, totcup);
/•

fscanf(inpfile, °°\lf°°, tnax); */
M

/«
••

labelioz*•
Read ID label fron first line of input file and print it ae first

*•·
line of output file.

*/

void
labelio()



(
char iochar;

tscan!(inpt11e, ”\c°°, hiochar);

vh1le(1ochar I- NBRLINE)
(

tprintt(out£1l•, °°\c°°, iochar);

!sca¤!(:I.nptile, °°\c”, ßiochar);

M
tprint!(out£1l•, °°\n°°),·

M

/«
•*

outcaps:•¤
Print capacity asalgnnenta.

'/

void
outcapucapacity, nolink)

EVALVICT capacity;

int nolink;

(
int linkinx;

!p:int!(out!1le, °°\n”);
!print£(out!:I.l•, 'link ¤apac1ty\n°°);
1p:1¤t:(¤¤u11•, "—-—----—-—-—-—--xa"),
tor (linkinx

-
1; llnklnx <- nclink; 1ink1nx++)

!pr1ntt(cutt1l•, °° \Jd \1!..4t\n°°, linkinx,
capacityllinkinxl);

M

/•
*•

outdelayz
••

Print link and network delay.

*/

void
outdalay(l1nkd•1ay, netdelay, nolink)

EVALVICT linkdelay;
double netdelay;
int nolink;

(
int linkinx;

tprintuouttile, ”\n°');
¢pr1ntt(out¢ll•, ”li.nk dB1lY\II”)}
!pr:I,ntt(outt:Ll•, °°—————————————--—\n°°);

tor (linkinx
-

1; linkinx <- nolink; l1nkinx++)
tprintucuttila, °° tad \10.6t\n°°, linkinx,

l:I.nkd•1ay[link1nx]);
tprintuouttile, ”\n”);
tpri.nt!(out!ile, °°n•tvcrk delay: \ll . 6t\n”, netdelay) ;

M

/•
••

dsqrt:
••

calculate dual square-root capacity aas1gnn•nta tor the links in

** a static hierarchy (Not used).‘/

void
dsqx·t(1i¤ktra!, thruput, neannlen, tnax, nolink, capacity)

EVALVECT linktrat;
EVALVBCT capacity;
double thruput, neannlen, tnax;
int nolink;

(
int linkinx;
double tratsun, asaign;



tratsun
-

0.01
!o!.·(l1nkLnx

-
1; linkinx <- nolink; link:I.nx++)

tratsun +- |q!t(11¤ktzI![11¤ki¤x] ) ;

!¤r(11nkinx
-

1; llnklnx <- nollnk; li.nkinx++)
capacityilinkinxl

-
linktratllinklnxl

•
neannlen

+ neanllen
•

aq1:t(1inktxat[1ink:|.nx])
/ (thruput

•
tnax) * txataun;

)1

/o
••

paqztz
*•

Calculate pzinal aqua:e—x·oot capacity asaignnents to: the links in••·
a static hieraxchy.

'/

void
psq!·t(l1nkt!:at, thzuput, neannlen, totcap, nolink, capacity)

IVALVICT linktxsl;

IWALVBCI capacity;
double thzuput, neannlexn
double €0t¢IPl
int nolink;

(
int linkinx;
double tratsun, asaign, nincap, exccap;

tzatsuu
-

0.0;
nincap

-
0. 0;

tox·(l1nkinx
-

1; linklnx <¤ nolink; linklnx-++)
(

tzataun +¤ sqzt(11nktx·at[li.nk1nx));
nincap +- linktratllinkinxl

•
neanllen;

I1

exccap
-

totcap - nlncapz
to: (linkinx

-
1; linkinx <- nolink; 11I.Ik1lIX++)

capacityllinkinxl
-

1inkt:a![link1nx]
•

neannlen

+ exccap
•

aq:t(l1nktx·a![llnk1¤xl)

/ txatsun;

I1

/«
••

delay:••
Calculate nean delay tc: each link and nean netvozk delay.

*/

void

d¤lay(1i¤ktzat, neannlen, capacity, thxuput, nolink, linkdelay, netdelay)
IVALVBCT linktrat, capacity;
double neannlen, thxuput;
int nolink;
IVALVECT linkdelay;
double *netdelay;

(
int lilikihx;
double delayeun, sexvxlto;

delaysun
-

0. 0;
!o1·(l1nk1nx

-
1; linkinx <- nolink; l.1nkinx++)

(
aexvrate ¤ (1.0 / neannlen)

•
capacityllinkinxl ;

linkdelaylllnkinxl
-

(1.0 / servrate) / (1.0
— (l:Lnktzat[1inkinxl/ se!v:ate));

delaysun +- linktzatllinkinxl ¤ linkdelayllinkinxl;

I1
delaysun /- thxuput;

•netdelay
-

delayaun;
I:
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¤ai¤()

(
EVALVBCT linktxal;
ZVALVECT capacity;

double thzuput;
double neannlea;
double tnax;
double totcap;

BVALVICT linkdelay;
double netdelay;
int nolink;

inptile
-

stdinz
outfile

•
atdout;

labe1io( ) ;
1¤p¤et(l1nkt!:a!, athxuput, ineannleu, stotcap, suolink);

psq1:t(linkt!:a!, tbxuput, neannlen, totcap, nolink, capacity);
delay(l1¤ktra!, aeannlen, capacity, thxuput, uolink, linkdeley,

snetdelay) ;
outcapa(capac1ty, nolink);
outd•1ay(li¤kdelay, netdelay, nolink) ;

lr




