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PREFACE 
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This report was the basis of a Ph.D. dissertation (June 1971) sub- 
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ABSTRACT 

A theoretical study Is given for store-and-forward comnunlcatlon 

networks In which the nodes have finite storage capacity for messages. 

A node Is "blocked" when Its storage Is filled, otherwise It Is "free." 

A two-state Markov model Is proposed for each node, and the fraction of 

blocked nodes In the network Is shown also to have a two-state Markuv 

process representation. The tla*-dependent probability that any given 

node in the network is blocked is obtained for some uniform networks of 

arbitrary dimension, and various results describe the clumping phenomena 

in these networks. 

Through a modification of the basic Markovian network model, the 

fraction of blocked nodes in a computer-simulated store-and-forward 

communlcaiion network is predicted with reasonable accuracy. 
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CHAPTER 1 

INTRDDOCTICN 

A.  Cotputer Networks 

In the early 1960's the first time-sharing facility began opera- 

tion. Since that time, facilities and systans have grown and developed 

across the covntry into quite sophisticated and unique sites each having 

special features and capabilities in the form of exceptional corputer 

prograiiB, data files, hardware devices, resources, and human talent 

which, in general, are not easily transferable. A desire to share these 

resources has led to the development of ccnputer networks whidi permit 

the separate ccnputer facilities to coratunicate with each other. 

A ccnputer network is a collection of nodes (oonputers) connected 

together by a set of links or lines (comnunication channels). Messages 

in the form of comrands, inquiries, replies, and file transmissions 

travel through this network over data transmission lines. At the nodes, 

the task of relaying messages (with all proper routing, acknowledging, 

error control, queueing, etc.) and inserting and removing messages whidi 

originate and terminate at that node must be carried out. 

The Advanced Research Projects Agency (ARPA) Netorork [1-5] is a 

store-and-forward computer comnunication network linking approximately 

fifteen research centers across the country at the present time with 

approximately five nore scheduled for conpleticn by the end of 1971. In 

a store-and-forward network, messages are broken up into convenient 

sized packets that individually make their way through the net, "hopping" 
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from node to node. If a packet cannot be transmitted irnnodiately out of 

a node on its way through the net because its designated output line is 

in use, it forms a queue and awaits its turn to be transmitted. 

Western Uhion has used the store-and-forward concept for years as 

has the united States Air Force in its Sage Defense System. In Novenber 

of 1969 DRTRAN Corporation proposed to .the Federal Ccmnunications Coninis- 

sicn a network for digital oomtunication linking 35 metropolitan areas 
1 

from .Boston to San Francisco and oonprising 240 tnicrowaye relay stations. 

Eventually they propose to make it a store-and-forward network [6J. We 

see that nunerous store-and-forward networks are already in use and 

others are being planned. | 

B.  Structure of the APPA Network 

*   Let us examine the structure of the ARPA Network more carefully. 
i 

At each site in the network therie is at least one large digital oonputer 

called a HOST, which acts as a source and terminal for messages in the 

network. These ccnputers are basically inoonpatible in hardware, soft- 

ware, file structure, etc., and hence there is a need for an intermedi- 

ate device to interface these HOSTs to the oomnunication net which con- 

nects them. Ohis function, and others, is performed in the ARPA Netavork \ 

at each site by a digital oonputer call^ed an Interface Message Processor 

(IM»). Ihe IMPs carry out the message handling process in the network, 

so when we speak of the nodfes in the net we are actually referring to    ^ 

the various Ufa. '       ^ 
\ 

An IM» in the ARPA net receives messages fron two sources: 

1. Other IM,s like itself over fully dvplex 50 Kbit/sec. leased 

\ I 
telephone lines.   i 

! 



2. One or more HOSTs over 100 Kbit/sec. fully diplex lines. 

Message bits are sent in series and are protected by error detection 

schemes. If an error is detected, the message must be retransmitted. 
i . 

i 

Ccnpared to any HOST computer, tne IMP is a small nachine with 

finite storage space for messages. "Part of the IMP storage is strictly 

allocated for messages which are relayed fron neighboring IMPs and which 

must be transmitted to still another IMP before reaching their destina- 

tion; this is called store-and-forward traffic. Part of the rertaining 

storage in an IMP is strictly allocated for the reassenbly of multi- 

packet messages destined for one of the IMP's HOSTs. -(A multi-padcet 

message is one which is too large to be transmitted as a single packet 

whose maximum size is 1008 blits. Multi-packet messages may be ip to 8 
i 

packets in length, and each of these packets must be held until all are 

received in the final node, at which tüne they are reassenbled into the 

original message and delivered to the HOST. Longer message? must be 

partitioned in the HOST into many multi-packet messages.) The remaining 

storage is allocated between these two types of traffic as needed. In 

all, the Df> contains storage space for about 50 single-packet messages. 

C.  NodaJ. Blocking \ 

From time to time, during periods of high utilization, the IMP's 

storage can become filled, so that arriving messages must be refused. 

When this occurs we say that the node is "blocked." Blocking in the IMP 

can occur in any of three ways: , 

1. There are no more reassenbly spaces available for HOST traffic, 

and packets for a HOST that were sent by other IMPs must be refused. 

2. There are no more spaces available for store-and-forward 

\ 
i 3 



traffic, and thus non-HOST packets must be refused. 

I, There are no more spaces for arriving messages and all traffic 

must be refused. 

Certain high priority messages are never blocked, e.g., space is always 

saved for positive ackncwle<*iRents sent by neighboring IMPs to indicate 

that a iiBssage previously sent by the IMP has been received without er- 

ror md can thus be discarded by the IMP. On the otuer hand, a blocked 

message is ignored by the IMP, and the absence of a positive adcncwledg- 

irent tells the M» which sent the message that the message will require 

retransmission. 

Selective blocking, as in pointd (1) and (2) above, or total block- 

ing, as in (3), can occur in this network if the input rate of messages 

equals or exceeds the output capacity over a period of time. We would 

normally expect this to occur only during peak 'nours of the day. Hew- 

ever, it is a potentially dangerous situation because a blocked neighbor 

reduces a node's message output rate with no corresponding change in its 

input rate. Ihis causes its storage to fill at a faster rate and in- 

creases its chance of becoming blocked. Thus blocking could propagate 

in both space and time. 

The purpose of this research is to gain ?n understanding of the 

bloddng behavior in a message-switching network. 



CHAPTER 2 

THE MDDEL 

A.  General Description 

Selective blocking is a very difficult problem to analyze. Ihe 

allocation of btorage between store-and-forward traffic and HOST traffic 

is equivalent to the formation of two distinct queues with finite wait- 

ing room, or storage space, in which the maxirnum size of the waiting 

room for each queue is dependent on the nurtber of customers (i.e. mes- 

sages) in the other queue. To make the problem mathematically tractable, 

the network we analyze will consist of nodes having a single queue for 

messages. If there is an enpty space in the queue, the first arriving 

message, regardless of its final destination, will take that space. If 

there are no spaces for arriving messages, then the node is "blocked." 

As soon as one message is transmitted by a blocked node, it becomes 

a "free" node. It remains in this state as long as there is at least 

one enpty space in storage that could be used by an arriving message. 

When the storage fills again, the node re-enters the blocked state. 

Figure 1 shows a simplified model of such a node in the terminology 

of the ARPA Network. The IMP, when free, accepts messages into its main 

storage from two sources: 

1. Other DPs. 

2. A single HOST which generates and receives messages (as a 

source and terminal). 

A message in a message buffer is queued up for transmission over an 
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appropriate output line to sane neighbor as determined by the final des- 

tination of the message, and is then transmitted serially to that neigh- 

bor. Any of these neighbors can become blocked, thus preventing the use 

of the output line feeding such neighbors. 

Nodal blocking is caused by the finite storage room for messages in 

the IMP and the overutilizaticn of the system. By overutilization, we 

mean that when the node is accepting messages, its average arrival rate 

equals or exceeds its average service rate (which is the total outpuL 

channel capacity divided by the average message length). Elenenfc?a.Y 

queueing theory [7] shows that if (1) the system is underutilized, and 

(2) there is storage space for approximately tauenty messages or more, 

then under fairly generell conditions there will be essentially no 

blocking. 

The analysis of the propagation of blocking is difficult for at 

least three reasons. First, it involves networks of queues for which 

only stationary results at best can generally be obtained. Second, the 

pertinent stochastic processes are dependent, for if a node becomes 

blocked, it cannot accept messages fran its nei^ibors and cheir storage 

will tend to fill at a faster rate. Finally, it is a transient queueing 

problem and even the simplest of these is very difficult to solve. (For 

exanple, the queueing system with Markovian arrivals, a single exponen- 

tial server, and unlimited waiting room has modified Bessel functions in 

its time dependent solution [7].) 

B.  Related Work 

A number of topics in graph theory are related to this problem. 

Ignition phenomena as developed by Rapoport [8] and Allanson [9] treats 



vertices (nodes) which are "excited" if they receive a certain tdnimun 

nuiber of stimuli within a certain amount of UJIE. This excitation is 

assumed to stimulate d other vertices to which it is randomly connected. 

Stable states, i.e., constant fractions of vertices being excited, are 

shown to exist under seme conditions. Ulis model has immediate applica- 

tion to neural networks because of their essentially random connectivity 

and the nearly deterministic behavior of neurons. However, the model 

cannot be reasonably applied to computer networks because they are not 

randomly connected and the prcbabilistic nature of information transfer 

in the form of variable length and time of arrival of messages makes the 

excitation process (i.e. the blocking) very much non-deterministic. 

Percolation Theory [10] considers lattices in which a branch be- 

tween any two nodes is present with probability p or deleted with 

picbability 1 - p. Ihe main concern here is the minimum value of p 

(i.e. the critical value) for which a connected ccrponent of infinite 

length exists in the lattice with probability one. The relation of this 

theory to the work of Gilbert [11] on random plane networks is clear. 

In the study of probabilistic graphs [12], brandies and/or vertices 

are deleted in some random fashion. The questions raised (and answered) 

are the following: what are the prcbabilities corresponding to various 

kinds of connectivity; what is the .iistribution of the size of the larg- 

est connected ccrponent, etc. 

An interesting variation on the network vulnerability problem is 

that which considers a probabilistic repair time for vertices or 

branches that have been damaged by an attack from some weapon system. 

In [13] the tine varying probability of connectivity is determined for 

random graphs. 



In none of these areas of graph theory is the state of a node (or 

vertex) ever taken to be a function of the states of its neigHbors. 

Buis such results are not applicable to the stu?/ of blocking propaga- 

tion. 

Eden [14] and Morgan and Welsh [15] studied two-dimensicnal Poisson 

grcwth processes. Ihey assunsd that "infecticn" in a oell network 

spread fron cell to neighboring cell in an amount of tdjne taken fron 

sane probability distribution. These authors obtained results on the 

shape of the infected area and the rate of spread of the infection. In 

their models, cnce a cell becomes infected it remains in that state for- 

ever, thus their work cannot be taken as a solution to the blocking 

problem. 

Roach [16] studied the overlap of objects placed at random in sane 

space and called these over lappings "clunps." He treats the number of 

clunps, their size, their shape, and the spacing between than for a num- 

ber of interesting cases, including the square lattice. He assumes the 

probability that a lattice point is marked (i.e. blocked) is the same 

for all lattice points. Because of this independence assvnption and 

also because his system is static, we cannot utilize his results; how- 

ever, we will adopt his terminology. 

C.  The Mathematical Model 

The blocking problem is a difficult one. Since we cannot solve the 

problem exactly, our goal is to make good approximations that allow us to 

analyze the system and characterize its blocking behavior in some way. 

To this end we make the following assunpticns: 



1. The HOST cannot beacne blocked (it is an infinite sink). 

2. a. Input traffic from the HOST is Poisson. 

b. Traffic en all lines (including the HOST-IMP line) has 

the same average rate so that total traffic into each 

node is o messages/sec. 

3. a. Message lengths are esqponentially distributed. 

b. Service (transmission) time on any line is therefore 

exponentially distributed such that for a node with k 

blocked neighbors, the rate at vhich messageF exit from 

that node is y ^ messages/sec., dependent on the num- 

ber of blocked nei^ibors. 

4. The probability of an eirpty queue in the IMP is approxinately 

zero (since the system is assuned to be overutilized. 

10 



CHAPTER 3 

ANALYSIS 

A.  The Nodal Model 

Under the assunptions in "The Mathematical Model" (Section 2.C), we 

arrive at a sinplified blocking model for a node in tne netarork as a 

two-state Markov process (Fig. 2). If the node is blocked, i.e., in 

state b, it becomes free in the next instant of time At with proba- 

bility y^At where k is the nurrber of blocked nei^ibors it is 

experien-dng at that time. Similarly, if the node is free, i.e., in 

state f, it becomes blocked in the next instant of time At with 

probability X^kÄ t where k is again the nunber of blocked nei^ibors. 

Thus X<k) is the rate at which a free node becomes blocked in the 

(k) 
presence of k blocked nei^ibors, and siii:uld increase with k. p1 ', 

on the other hand, being the rate at which a blocked node becomes free, 

should decrease with k. 

1. Derivation of ir ^ 

Below we shew the appropriateness of this model. First, we 

require the Laplace transform of the message interdeparture time proba- 

bility density ■ D(s). For any node let p = P[non-enpty node] and let 

the Laplace transform of the probability density of the message inter- 

arrival time process be A(s). Because we have assuned that the service 

time is exponential with parameter \i^,   we knew that the Laplace 

transform of the departure process, conditioned on a non-enpty system is 

11 
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yOO/(s + y^). Therefore, 

D(S)  = -eü-7rr+   (1 - P)  A(S)       P     ,. . (1) 
s + y(k) s + M<K' 

By assuvptlon (4) we have p «• 1 

y(k) 

«I 

1 

S + Mw 

which says that the departure process is a Poisson stream. See Burke 

[17] and Reich [18] for further details on departure processes. 

We have assumed that the traffic on all lines has the same 

average rate. If, for exanple, every node has exactly four neighbors 

and am HOST, then there are five output lines from each node. All of 

these lines are equivalent (except that the HOST cannot become blocked) 

and, by the assunption of exponential message lengths, the departure 

process from each output line constitutes a Poisson stream at rate 

\i^0i/5   when that neic^ibor is not blocked {and at rate 0 when that 

neighbor is blocked). 

yW=lzJiy<0)    k = 0,l 4 (3) 

where y *®'    is a given system parameter and represents the maximum mes- 

sage departure rate from a node.   This set of nunbers is merely an illus- 

tration; any conbination can be treated by this model.   These results 

show that we can approxinate the time spent in the blocked state as be- 

ing expcnentiaLly distributed with parameter   \i * '.   Because of the 

13 



nenoryless property of the exponential distribution, the expected value 

of the renaining tine to be spent in the blocked state, given that k 

changes to sone new value k^ ^hile in the blocked state, is siirply 

1/y ^. By Bq. (3) this means that an increase in k should tend to 

increase the time spent in the blocked state, and a decrease in k 

should tend to decrease this time. We would expect to see such behavior 

in a reed oonputer network. 

2. Derivation of X(k) 

The derivation of the parameter X^k) is not nearly as sinple. 

The time that an IMP spends in the free state is distributed as the busy 

period in a queueing system with finite queueing room for customers, as 

we now show. Vfe begin by first considering the state transition diagram 

or Markov chain model for such a single node finite storage queueing 

system as shown in Figure 3a. The nunbers inside the circles represent 

the mitber of customers (messages) in the node. We assume that custo- 

mers arrive in a Poisscn fashion with parameter a, and depart after 

receiving service (exponentially distributed with an average of 1/y 

seconds). A busy period begins when a customer arrives to find an enpty 

systan (at which time he immediately enters the service facility). 

Custoners arriving during his service time form a queue behind him. 

With each arrival the system moves to the ric^t along the state transi- 

tion diagram because the nunber in the system is increased by one, and 

with nh service conpletion (i.e., departure) it moves to the left. 

Cust'jM i 3 arriving when the system contains N custcmers are lost 

(i.e., depart without service). The busy period ends the first time the 

system goes enpty after initiation of the busy period. 

14 



For the IMP model we new oonsider a dual queue in which the 

roles of service and arrived are reversed, and the noibers inside the 

circles now represent the nutber of enpty places in storage that could 

be used by arriving nessages (Fig. 3b). The free period of the IMP 

begins with the departure of a message from a previously filled system, 

i.e., no enpty places for arriving messages. With a transmission (de- 

parture) the system moves from state 0 to state 1. It continues to move 

to the right with each transmission and to the left with each arrived. 

Bie free period ends the first time the system returns to the 0 state. 

The correspondence between the prinal and dual queues is perfect; thus 

any results obtained for the busy period in the primal system are appli- 

cable to tiie dual queue free period in the IMP simply by substituting 

y^ for a and o for y, as in Figs. 3a,b. 

Hie busy period for a finite queueing room system is difficult 

to obtain, but the result for unlimited queueing room is well known. 

The probability density of the length t of the busy period in such a 

system is 

p(t) ^ JL e-<a+^)tIi(2t^r) (4) 
tSp 

where p, the utilization factor = (o/v)  < 1 and I1(x) is the modi- 

fied Bessel function of the first kind, of order one [19]. If the size 

of the queueing room is greater than 20, the solution for unlimited 

queueing room is a good approximate solution to the limited queueing 

room problan. (Bus follows since we have assumed P [enpty IMP] = 0; 

but the P [empty IMP] corresponds to the probability of being in state N 

(i.e., all N spaces are empty) in Fig. 3b, and thus an increase in N 

15 
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will not seriously affect our results.) We make tlie further approxiina- 

ticn that Eq. (4) holds when o varies as u' , i.e., vAien o is time 

varying. Since we ha\ie assured overutilizaticn, we have (\r0'/o) < 1, 

and we axe justified in substituting this (or y* '/a) for p. Ilius we 

get the following for the approxünate prcbability density of the length 

t   of the time spent in the free state: \ 

1     An -/ru-nOO 

I 

<t).U^e-^
M\i2t\J^) (5) 

1 
flci 1 As the ratio u  /o approaches 0, i.e., as the system beoomes more 

overutilized, this density approaches that of the exponential distribu- 
1 

tion except out on the tail of the distribution where the probability 

density will be assured negligible. To arrive at a more tractable 

model, we therefore approximate the free period distribution by an expo- 
\ \ 

nential distribution having the same mean value. The mean value of the 

busy period in the original system is easy to obtain,« and is given by 

l/ud - p). Therefore, as an approximation to the free period in the 

IMP, we take an exponential distribution with mean value l/{a - u^ ), 

For the marginal case, o ■ |i* ', elementary queueing theory shows that 

we must take . 
-1 \ 

\ A(0) =oA   for 0 » u(0) (7) 

I    \ 
v*iere N is the size of the storage capacity of the IMP (in messages). 

i 

16 

. 1 



1 '     <  ,. 
\ 

I 

1  Our noäel for the blocking IMP is thus a two-state Marfcov 

process or, in th^ language of renewal theory, an alternating Poisson 

renewal process [20]. 

\ 
B.     Derivation of the Network Model , 

One way to describe the dynamics of a netwotk of sud» nodes is to 

examine the probability that any given node Is blocked at seme time   t. 

Far a network let us enploy a two-dimensional integer lattice.    In this 

way we can have a large system and yet minlmlae the oonplexity of its 

description.   Oonsicter a node with itls four neighbors mnbered 1 to 4: 

V ] 
4 2 
X f-T-K 

3' \ \ I 1 

Let 

1 
p,c{t) ■ P[k nei^ibors blocked at time tl (8) 

and let 
\ 

p(t) = P[node blocked at time t]   . (9) 

Then, from elertentary considerations, we have (correct to within   o(At)) 

A 4 \ 
\ ^   p(t + At) - (1 - p(t))gP,c(t)X(k)At + p(t) (1 - |^(t)VWAt) ] 

vÄiere from Bq.   (3) 

,*) » y«» - (k/5)y (0) \ 

17 



and fron Bq.   (6) 

xW=a-y(k)=a-p<0) + (k/5)y(0) 

for   o > y^ .   Vfe will assume that this holds for   a = y1 '    as well. 

The usefulness of the results that we will obtain will justify this 

£^proxiination. 

We also note that 

x(k) + u(k) , 0 (10) 

UtiOS, 

pit + At) - p(t) „ (i-p(t))x;pk(t)x{k) -p(t)j:^(t)v
(k) 

At lc=0 k=0 

Letting At approach 0, we have 

•^        ft ft 

- -op^^P^Ct) + 5]Pk(t)(ö - y(0) + (k/5)y(0)) 
k=0     k==0 

(0)       ii(0)  4   k 
= -op(t) + a - yW + V- E » (t) (ID 

3  }c=0 

This can be sinplified by noting that 

E[nu*er of blocked nei^ibors at time t] = £  kP^Ct) (12) 
k=0 

where E denotes ejqjectation. Define the indicator function 

18 



II if node n is blocked at time t 

0 otherwise 

New let 

p (t) ■ P[node n is blocked at time t] n 

then 

E[f (t)] =P (t) (13) n n 

Further, from Bq. (12) we have that 

E kl^(t) - E(£ fn(t)) = Z  E(fn(t)) (14) 
k=0        neM       neM 

where   M   is the set of neighbors for this node (viiich we notber 1,2,3, 

4).    FranEqs.  (13) and (14) we get 

4 
EttNt) = p^t) + p2(t) + P3(t) + P4(t) (15) 

k»0 

Finally, fron Eqs.   (11) and (15) we have the result 

^1= -ap(t) +a  - y(0) + V"(Pl(t) + p2(t) + p3(t) + p4(t))     (16) 

It is interesting that this relation can also be derived from 

epidemiology. Wfe will adopt the notation from Bartlett [21]. 

Consider a deterministic epidemic without migration of individuals 

and with but two types of individuals, infected and susceptible, in 

which "cured" individuals are returned to the susoeptible ranks. Assxane 

19 



that the nuiber of individuals in an infected grovp who are cured at 

time t + At is equal to the nutber of infectives in the group at tine 

t multiplied by a constant, MQ,   diminished by the nurber of infec- 

tives found simultaneously in surrounding areas weighted in seme spatial 

manner. Similarly, we will assume that the nutber of individuals in a 

group of susceptibles who beccme infected at time t + At is equal to 

the nutber of susceptibles in the grovp at time t trultiplied by a con- 

stant, X , increased by a spatial wei^iting of the infected nei^ibors. 

Neighboring infectives will, therefore, always have a detrimental effect. 

Ihey tend to increase the rate of infection and decrease the rate of 

cure. 

Combining these assutption yields the following equation for the 

density of infectives at point   r   at time   t + At 

f (r,t + At) = f (r,t) [1 - At(y0 - / y(r - s)f (s,t)ds] 

+ (n(r) - f(r,t))At[X0 + / X(r - s)f(s,t)ds] 

where n (r) is the density of individuals of both types at r, y (r - s) 

is a scalar function with a vector argument that gives the effect of 

infectives at s on the cure rate of infectives at r, and X (r - s) 

gives the effect of infectives at s on the infection rate of suscep- 

tibles at r. Define p(r,t) = Ptan individual at r is infected at 

timet], then p(r>t) = n(r) '    ^ 

p{r,t + At) ■ p(r,t)[1 - At(y0 - /y{r - s)n(s)p(s,t)ds] 

+ (1 - p(r,t))At[X0 + /X(r - s)n(s)p(s,t)ds] 
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-^ = -pO^t) [u0 + A0 + /(A(r - s) - M(r - s))n(s)p(s,t)ds] 

+ XQ + /A(r - s)n(s)p(s#t)ds 

In our example system each individual (node) occupies a point on the 

integer lattice, and since each node is connected only to its four near- 

est neighbors, we have 

(A for |r-s| < 1 
A (r - s) ■ 

0 otherwise 

I\i   for |r - s| < 1 

0 otherwise 

The result is a system of differentia], equations which relate the 

probability that any node is bad at time t to the probability that 

other nodes are bad at time t. ihe equation for a non-border node at 

r is 

3P(r,t) 
 ^T""' -P(r,t) [y0 + A0 + (A - y) (pCs^t) + p{s2,t) 

+ P(83,t) + pfs^t))] + ^0 + ACpte^t) + pte^t) 

+ p(s3,t) + p(s4,t)) 

where s,, s. and s^ are the four nearest neic^ibors to the node at r. 

Values for the parameters AQ, A, UQ,   and y are obtained in the 

following way: 

21 



*).o-y(0>+|li
(0, X0 + kX 

u0c),p(O).ky(O).yo_ku 

o - p<0>   .    X 
(0) 

(0) 
p0 = p(0) f y , iL_ 

Substituting these values into the differential equation yields 

fefrft? 
,(0) 

^|^-= -cp(r,t) + o - y(0) + üj—fcCs^t) + p^^t) + p^t) + p^t)) 

'.tJ-ch was obtained in Bg. (16) from a strict probabilistic model. 

Adjacent nodes have nearly equal probabilities of being blocked. 

Consider the case «hen all of these probabilities are exactly equal (as 

an approxunation). Then fron Eq. (16) 

^--op(t)+a-y<0)+<y<0>p(t) dt 

-(a -iy(0))p(t) + a - u 
(0) 

which has the solution 

P(t) P(0) - 
a - M (0) 

a-iy«» 

-(o-li(0))t 
e +-—r 

a--y 

(0) 

W (17) 

vghich will be assuned to hold for o > y( . 

Now consider the alternating Poisson renewal process shown in Fig. 

4. There are two states, called blocked (B) and free (F). If the 
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(o) 

BIMBM A       Mai all   "--*-■ rtgura *.   iwnrani WNNMI 

system is in state B at time t, it goes to state F in the next instant 

At with probability (y^/SJAt. In similar fashion, the probability 

that it leaves state P and re-enters state B is (a - y* ')At. There- 

fore, the probability that it is in the blocked state at time t + At is 

PB(t + At) = p^t) (1 - H^- At) + (1 - p^t)) (o - y(0))At 

%^.^««(,-^(0,)Ma.U»») 

PB(t) Hm _ o - y 
(0) 

a-*yW 

-(a-^(0))t 
a - y (0) 

a -iy(0) 
5 

(18) 
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This is the sane as Bq. (17) which was obtained for the probability that 

a node is blocked at time tl In a large homogeneous network, the frac- 

tion of blocked nodes may be closely approximated by the probability that 

any one ^f them is blocked. Therefore, tiie fraction of blocked nodes at 

tine t in a large uniformly connected (i.e., two-dimensional lattice) 

network is approxiroately equal to the wrobabillty that the two-state 

Markov process shown in Fig. 4 is in the blocked state at time t. Thus 

we may take this two-state Markov process as a model for the network. 

So far we have presented only aggregate results. To obtain the 

probability that any given node in the network is blocked at time t we 

must consider a system of equations of the form (see Eq. (16)) 

-£LÜU -op.ft) ♦ a - M« ♦ H^yt) + ^(t) + pÄ(t) + pin(t)) 

for each node i in the network with nci^ibors j, k, A, and m. These 

equations are obviously of the form 

P(t) = AP(t) + C (19) 

If there are M nodes in the net, then P(t) is the M x 1 matrix 

whose i**1 conponent is the probability that node i is blocked at time 

t. A is an M x M constant matrix and C is an M x 1 constant 

matrix. The solution is well known: 

P(t) = e^tO) + A-1(eAt - DC (20) 

For a small net this solution poses no difficulty, but for a large 

one the required matrix conputations rapidly get out of hand. There are 

sane special cases which are solvable, however, and we obtain the solu- 

tion for one of these belotf. 
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Consider a network consisting of 1024 nodes arranged in a 32 x 32 

(n x n) grid. For this system the natrix A is n2 x n2 or 1024 x 1024 

and takes the following form: 

A = 

D   A 

ADA o 
ADA 

O A 

A    D 

a   b 

b   a   b                 Q 
where   D ■ b   a   b 

• • • 

Q                b   a   b 
b   a n x n 

(21) 

(22) 

and 

A = bl n 
(23) 

where 

a = -o, b 
,(0) and L is the n x n identity matrix. (24) 

This observation holds for a square grid with any nuirber of nodes n on 

a side. (See Appendix A which gives the oonplete solution for P(t) 

with arbitrary n for this network oonfiguration and two others.) 

The network model predicts that the equilibrium fraction of blocked 

nodes is zero for the case a = y ^ . For an infinite value of N (the 
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storage size in the BP) this result would be obtained. However, for 

finite N the equilibriun fraction of blocked nodes is non-zero. To 

obtain an egression for this equilibriun value we must look at the 

different topologies of oonnected blocked nodes, viiich we call clurrps. 

As a by-product of this analysis we will also get the clurp size distri- 

(0) 
bution for the case a = \i 

C.  Clmping Analysis 

1. Definition of a Clutp 

For a lattice network in which each node has exactly four 

nei^ibors (adjaoent nodes) we wish to define a clutp of blocked nodes. 

TVo blocked nodes are in the same cluip if they are adjaoent or are 

linked to each other through a series of adjaoent blocked nodes. A 

blocked node that is surrounded by four free nodes is a cluip of size 

one. 

2. Markov Chain Model for Clutp Grarth 

Svppose a = y^ and that the expected fraction of blocked 

nodes is very low, say less than .1. Then the probability of the inter- 

action of two clutps is very small, being on the order of .01, and we 

are justified in looking at the growth of clutps fron single nodes (as 

an approximation). Thus we will neglect the possibility that two clutps 

oonbine. Ihe simulation results (described later) indicate that this 

eppraximation is good for a storage size N 2 50. Also, we neglect the 

effect of the HOSTs since, by assutption, they cannot become blocked. 

Consider one free node in the nddst of many free nodes. It be- 

comes blocked in a Poisson fashion at a rate X( '. Then we have the 

following situation: 
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0 

0X0 

0 

X = blocked node 

0 ■ free node 

(1) Ihis cluip of one can became a clunp of two at a rate 4X  , again in 

a Poisson fashion, or die out at a rate y  . Svppose it becomes a 

cluip of two, then we have the following: 

0 0 

0 X 

0 

X 

0 

0 

Ihis clunp of two can become a clunp of three at a rate 6X( , or be- 

oone a cluip of one at a rate 2vr '. Sippose it goes to a cluip of 

three, of which there are two forms: 

I)    0  0 II)    0  0  0 

OXXO OXXXO 

0X0 000 

0 

Form I has a growth rate of   GX^ ' + X^ '    and a death rate of 

2IJ       + y'2',   while form II has a growth rate of   8X^    and a death 

rate   2vr     + p      .   The death rates are obviously equal for the two 

different forms, but, surprisingly, the growth rates are also.    Recalling 

that 

and M0O=y(0) .ky(0) 
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we have for form I (using   Aj   to indicate growth rate for form I): 

X, - 6X<« ♦ X<2' - «(a - »« ♦ i w"») ♦ o - V
m ♦ I M(0' 

„ (0).    4.   8       (0) 
= 7(a - M     ) + 5 U 

Ihesn, for the case   a ■ w*0',   we have   Aj ■ A     ■ SA1    . 

Ohere are five different topologies for a clunp of four blocked 

nodes: 

I) 0     0 

0     X     X     0 Aj-SA^ 

0     X     X     0 yT » 4y^ 

0     O 

II) OOOO 

0     X     X     X     X     o 

0     0     0     0 

III) 0     0 

0     X     X     0 

A^-lOA^ 

UJJ = 2y(2) + 2y(1) 

AIII"6A<1)
+2A(2).10A^ 

^+2u(1) 0     X     X     0 PJJJ » 2yv" + 2y' 

0     O 
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IV) o 

0 0X0 

0      X X     X     0 

0 0     0 

V) 0     0     0 

0      X     X      X      0 

0X0 

0 

IV 8X(1) + X(2) = 10X(1) 

JIV 
= 2u(2)  ♦ 2M 

(1) 

(1) Xv= 6A(1) + 2X(2)  = 10X 

The growth and death rates are, exoept for the square, form I, the sane 

for the different forms. So, to determine the grcwth and death rates 

for a clurtp of four blocked nodes it is approximately sufficient to look 

at the strai^it line form, form II. For larger size clurrps, we consider 

only this straight line form for determining the grcwth and death rates. 

Such a sinplification is, of course, neoessary since the nunber of dis- 

tinct topologies prohibits exhaustive treatment. Simulation results 

svpport this approximation and show that elongated clunps are more likely 

to occur in systems of this kind than are square or circular-shaped 

clurps with their minimum circumference to area ratio. For a clurtp of 

length n we therefore have the follcwing: 

0  0 

0  X  X 

0  0 

0  0 

X  X  0 

0  0 

Xn = 2(n + 1)X
(1) 

Vin= (n - 2)y(2) + 2y(1) 
(25) 



\ 
! 

Thus our approxiinaticn 

■ 

leads us to the following birth-death 
\     . 

prooess for cluip size: 
i 

. 

! 

. ' 
\ 

A«» 4A<1)        »<« BX«1»        lOx'1' 
■■             ■                                                          ■           ■ V • 2(n+l)X(1) 

m "f "^^Oiy^w "n1 - WM™* to™ 
\ 

We will sinplify   u     sonewhat. 

^ - (n - 2)y(2) +,2y(1) 

nu<2)-2x3yW+24y(0) 

,(2) + ^) 

z (n + Dw* (2) 

IherefoE«, to sinplify the solution we use the approxunations 

\       J^« 2(n+1)X(1) n>l 

V^ = (n + l)y(2) n > 2 

\ ' 
Define p  to be the equilibriun probability of n blocked nodes in 

n 

the clunp and by elerosntary queueing theory [7] 

n-1   A. 

Pn^pollir"    n-0 

(26) 

pn-Po^orn ;i+2>   ^ 

kW    ^1       ^ 2X<1) (27) —Si ^)r
pA        where   r - —^ (27) 
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(0) 
E[# in systero) = £ np^ = 2p0 -^r- J] YTT r n-1 

wl, 

2P. 
(0) 

oM(o ä-^-irSS.) 

■^t^rsH 

p   is obtained in the usual way: 
0 

\       \ i 

n=0 \        y       r ''O 
- r - log(l 

-•»)) 

1 + ^H-*—)n (2£) 

and      I 

(0) 

Pn-PoVFTTT^'1       -^       -^   r = tT2T 2^™- (30) 

\      ■     ■ 

Rar the case a = u   we thus have the equilibrium fraction of blocked 

nodes (Eq. (28)) and the distribution of cluip size (Eq. (30)). 

' 
I 
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In Appendix B we apply the clmping analysis to the S-neighbor 

case (shown in Fig. 5) to obtain the equilibrium fraction of blocked 

nodes for this network ocnfiguraticn when a = u* '. The results ob- 

tained fron the clvnping analysis are good for the case a = v in 

both 4- and S-neic^ibor configurations. But the results are very poor 

for a > u®K and this is probably attributed to the interaction of 

clutps. We treat this case next. 

Figur« S. Ei#it IMtfibor Lattic« 

(0) 
3. Average Clvnp Size for o > ux ' 

Although we have not arrived at a method for detemdning clutp 

size distribution in the more heavily blocked cases (i.e. o > y  ), we 

have a method which gives a crude estimate of the average clvnp size for 

these cases. It is based on the idea that any node is potentially the 

"origin" of a clvnp. The network model, Bq. (18), gives the equilibrivm 

probability p of a blodced node for a i ut0) while the clutping 
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analysis, Bq. (30),  gives the distribution of cluip size from an isolated 

node (only for o » u ^). To treat ttie case o > y * ' we must oorbine 

these ideas. 

Me assure that clvrps occur as overlaps of oluips from origin 

nodes which are distributed uniformly across the lattice with probability 

p. It would seem that a problem of conservation of blocked nodes mic^it 

exist, but for estimating the average cluqp size this method gives good 

approximate results. 

Let is take the left-hand extremity of a cluip as its "origin." 

Vfe will use a sinplified cluiping analysis that assunes clumps are always 

linear with growth or death occurring at the ends. This is generally a 

poor qpproxinBtion, but it has the advantage that the length of a clutp 

is then geonBtrically distributed and analytic results are possible. In 

particular, we will find the probability that a point is neither an 

origin nor is "covered" by a cluip and call this P[enpty "system"]. 

Ohe relationship of this system to an infinite server queueing 

sysban (HW») will be shomn. Using arguments similar to those used in 

[7] to get the average length of a busy period in a single server system, 

we will get the average length of a one-dimensional clutp for the case 

o > w(0). Finally, we will employ three different topologies for the 

average two-dirensional cluip and/or different interpretations for the 

average one-dimensional clutp length to get estimates of the average 

clun> size for the two-dimensional case with a > y( '. 

Let us suppose that nodes are marked (blocked) with probability 

p, the equilibriun fraction of blocked nodes obtained from Bq. (18) by 

letting t ♦ •• Associated with each marked point is a length, geometri- 

cally distributed, which extends out to the ric^it as in Figure 6. 
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ui 

 P3   ■ L3 
L,-4 
1,-3 

1-3-1 

Fifuree. dumpiniMoMfarO >/i 4e> 

p (« - k) - (1 - a)^"1 k - 1,2,... 

where   k ■ 1   corresponds to a clvnp of size one 

PU i k) - 1 - PU > M - 1 -    L   (1 " »)^     - 1 - «* 
j=k+l 

If a point is not awered by a line or a mark, then we say that the sys- 

tem (i.e. point) is "enpty." 

PLatpty system] = p0 = d - p) fj (tt - P) + Pd " ok)) 
k=l 

kN) 

(31) 
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Using 

logd -x)=-x-jx -jx -^-x -... 

we have 

,  k  l. k.2  1. k.3 
log pÄ ■   (-pc - 7(po ) - T(pa ) - ... 

0  k-0     2      3 

 E_ l-£? i_£i, 
1-0  Il-a2  ^IT^ 

p ,   ^  ^__r 32) 
0  j=l    J(1-CJ3) 

Vfe make the restriction p < 1/2 since, analogous to the conjectured 

exact result for the critical probability in percolation theory (see 

Chapter 2, "Itelated Work"), the probability of an infinite cluTp may be 

non-zero for the case p * 1/2. Approximating PQ by the first term 

only, we have 

PO =■e - rhr (33) 

Let us oonpare this model to an infinite server queueing system 

(H/HA0). The average interarrival time of customers to such a system is 

1/A seconds and a customer departs after receiving an average of 1/y 

seconds of service. For this case we have 

Ptenpty system, i.e., no customers] = e - - = PQ 

In our nodal blocking system the "average interarrival distance" between 

marked points (in nodes) is 



i= p (1 + 2  (1 - p) + 3(1 - p)2 + ...    ) 

p Ekd-p)1'"1 

1^1 

Let   X - 1 - p 

1 d    xr Ji d       1 p       _ 1 

The "average" service distaiwe"  (in rvades)  is 

and PQ ' et ^ e " T^^O 

Thus the system we are considering corresponds approxinately to an in- 

finite server queueing system. 

Our systan is "arpty" with probability p0 and "busy" with probabil- 

ity   1 - PQ«    In a^r line of   N   nodes or points    (N » 1) Np0   will, 

on the average, be enpty and   N(l - p0)   will be busy (see Fig. 6).   The 

average length of an empty string is the average interarrival distance 

for our system = 1/p nodes.    Therefore, the   Np0   enpty nodes will, on 

the average comprise 

^0 
VP 

= Npn p 

distinci orpty sets or strings.   Therefore, the average length of a busy 

string is 
N(l-p0)    1-P0 
-—  ■   -   ■     nodes (34) 

NPn p p0 p 
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which is analogous to the average length of a busy period in an H/Wl 

gueueing system [7]. 

Vfe nuBt still detenrn^a   o, the parameter in the geometric length 

distrlbuticn   Vfe do this by ouisidering a line of   n   blot* d nodes and 

assuming that growth or death can only occur at the ends of the string. 

Then we have the following: 

OXX...XXO X= blocked node 

i n^ * 0 ■ free node 

•Ihis inplies the following birth-death process for chain length: 

(0) 2x(i) 2X(i) 

Define   q. = P [chain is of length   n], then 

x(0) 

n-1        /   /,» \n-l 
n > 1 

X(1) Clearly, we should take o = -TJT- in our clunp nodel 

There are at least three possible approaches to the determination 

of the average clunp size C: 
1 - P0 

I) Assume all of the clunps are circles of radius R, and I ■ 

is the average length of the intersection of a random line with a circle 
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of radix»   R.   Kendall and Voran [22] give the average length of the 

interaecticn to be 1/2IIR.   Then we have 

and 

I-P0    i ^ - PQ) 
I = ~ = i irR   =>    R =   g   ■— p0 p       2 Trp0 p 

-?-i(^) •o 

vtere   pn»e - p/(l - a)    and   p   is the equilibriun fractic» of blocked 

notes obtained from the network model. 

II)   Assume T   is the diameter of an average cluip (assumed circular), 

then 

C = Jtf (36) 

III) Assure   1   is the length of the side of an average clunp (asstmed 

square), then 

C = T2 (37) 

Fbr the case which pronpted this analysis all three of these methods 

give an average clxacp size within .9 of the value observed in simulations 

(approodjiately 3.48). Method I overestimates the observed value by .76, 

method II underestimates it by .86, and method III underestimates it by 

.16. 

4. Maximum Clunp Size 

A nodel which predicts the size of the largest clunp surpris- 

ingly well was suggested to the author by Mr. Tom Leavitt of the UCLA 

Conputer Science Department. In previous sections we assumed that 

"stringy" clutps are more oonmon than round or square ones because 



growth in a probabilistic system occurs by shooting out projections in 

random directions. These randan projections actually "weaken" the clump 

by exposing it to more free nodes. We expect the largest clvmps to show 

a tendency to minimize their circunference with respect to their area. 

Therefore, in modelling the largest clurtps we will use rectangular 

clixtp topologies. We assure that a clunp will increase in size until 

the nurtber of free nodes on the border that are becoming blocked is 

equal to the number of blocked nodes on the border that are beconing 

free. This equilibrium point corresponds to the largest clunp. In 

order to perform the analysis we must make the following assurptions: 

1) all clunps are rectangular 

2) blocked nodes not on the border will remain blocked 

3) every blocked node on the border has exactly three blocked 

neighbors 

4) every free node on the border has exactly one blocked neighbor 

An exanple of such a clump is that shown in Fig. 7. 

■ 
W 

m mm mm mm m mW//Mmm////' 
X-BLOCKED   NODE 
0-FREE   NODE 

///-BLOCKED   BORDER 
\^-FREE   BORDER 

, 

Fipm7. Maximum Ckimp Sin MMM 
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We see that the nunber of blocked nodes en the border is 

21 + 2(w - 2) - 2U + w - 2) 

and the nunber of free nodes on the border is 

21 + 2(w +2) = 2(1 + w + 2) 

At equilibrium we have 

2(A + w - 2)y(3,At = 2U + w + 2)X(1)At 

oar 

A + w 
■ 

For a fixed border size, the nuifoer of nodes in the clunp is maximized 

for   A = w, or 

21 2(X(1)+u
(3)) 

7* - x® 

Therefore, the expected maxinun clunp size is 

,2 
ru(3) ♦ X(1>T Ifnrrfmj (38) 

Ihere Bm two reasons vdiy this result estimates the maxinun clunp size 

and not the average clunp size: 

1) Clutps do not grew by adding entire borders; they add projec- 

tions that weaken the clunp. 

2) The model assunes, incorrectly, that blocked nodes within the 

cluip cannot become free; but they do and this further weakens 

the clunp. 

A number of models and results have been presented to characterize 

the behavior of a network of two-stage Markovian nodes. The efficacy 
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of these methods will be shown in the next section in which we discuss 

the network simulation. 
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CHAPTER 4 

MAFKOV MDDEL NETWORK SIMULATION 

A. Description 

Simulation of a network of 1024 nodes enploying the Markovian in- 

ter-event time assurpticn has substantiated the analytical approxim- 

tions described earlier. The two different programs vghich simulated 

this network are listed in Appendix C. These programs run en the UCLA 

XDS Sigma-7 corputer. 

The first program simulates a network arranged in a square grid 

32 x 32 and simultaneously displays the net activity on a Digital Equip- 

nent Corporation 340 Precision Display CRT (Fig. 8). Each node is con- 

nected to its four nearest nei^ibors (a lattice) except in the case of 

the nodes along the border, which have only three nearest neighbors (or 

two nearest neighbors in the case of the four comer nodes). When a 

node changes state, new event times are chosen for it and for all of its 

nearest neighbors based on the new nurrber of blocked neighbors. The 

memory less property of the exponential distribution simplifies the cal- 

culations. 

Hie second program simulates a randomly connected graph in which 

each node is given exactly four neighbors. Due to memory size limita- 

tions, this program does not have a graphical display. 

B. Ccnparison of Observations and Predicted Behavior 

1. Fraction of Nodes Blocked 

Comparison of the network model (Eg. (18)) and the simulation 
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Figure 8. Network Simulation CRT Display 
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results for the lattice wsä the randan graph are shown in Figs. 9, 10, 

and 11 for three different sets of system parameters a and p   each 

starting both from corpletely blocked and oonpletely free nets. In Fig. 

9 the equilibrivxn fraction of blocked notes is obtained from Eq. (28) of 

the clvnping analysis. 

At any point in time the network model (Eq. (18)) predicts seme 

value f as the expected fraction of blocked notes. Assuming no corre- 

lation between nodal states and a network having 1024 nodes, ß, the 

standard deviation of the measurement of the fraction blocked is [23] 

3 .tfi i - f) 
■5i 

At equilibriun we have in 

Figure 9: f = .07 3 ■ .00796 

Figure 10: f- .25 3 = .0135 

Figure lit f = .833 3 » .01165 

With a 95% confidence limit of 1.963 and a 99.7% confidence limit of 33/ 

we see that in Fig. 9 the assumption of independence is completely un- 

acceptable. Recalling that the equilibriun value for this case was pre- 

dicted from the clunping analysis which shews a high degree of correla- 

tion, the deviations abserved in the equilibriun value in Fig. 9 are not 

surprising. Ihe behavior observed in Figs. 10 and 11 is generally with- 

in the 99.7% confidence limit. Occasional excursions outside this range 

show the effect of clump formation and dissolution. 

Figures 12, 13, and 14 give simulation results for the two-dimen- 

sioned integer lattice in which each node is assumed to have eight 

neighbors. This was acccmplished by extending the nearest neighbor defi- 
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nition to include nodes vÄiich are diagonally adjacent. The random graph 

program, because of oonputer roanory limitations, oould not be modified 

to include the 8-neighbor case. In these figures conparison is made to 

the predicted behavior obtained fron the network model assuming every IMP 

has exactly nine output lines, one of which goes to the HOST. The equil- 

ibrium fraction of blocked nodes in Fig. 12 is obtained fron the clunp- 

ing analysis given in Appendix B. 

Figures 15, 16, and 17 ocnpare sinulation results en the lattice of 

degree four, when a free node with k blocked neighbors is considered 

k-fourths blocked, to the predicted behavior based on a non-linear "par- 

tial blocking" model. This model makes two assurptions: 

1. The disturbance (i.e., blocking propagation) spreads out in a 

wave-like iranner from blocked nodes and can be characterized as 

a Poisson growth process of the type studied by Morgan and 

Welsh [15]. In particular, we asstme that the blocking starts 

with a single blocked node in the center of the network and 

that blocking is limited to what we call the "disturbed area"— 

those nodes which are within a distance r(t) of the center 

node. 

2. If the number of blocked nodes within the disturbed area (com- 

prising a total of N(t) nodes is n(t), then the nunber of 

blocked neighbors k(t) seen by an average node within the 

disturbed area is 

= 4 HA + 4 n .. ££>) ^Ä k(t)=4^+4(l..^)^ 

where 
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n(t + At) = n(t) - n(t)y(k(t))At + (N(t) - n(t))X(k(t))At 

N(t) is found by assuming that a free node on the edge of the "disturb- 

ance wave" sees on the average 1-1/2 blocked neighbors as pictured belcw: 

X  0 

X  X  0 
X = blocked node 

X  X  0 
0 = free node 

X  X 0 

X  0 

Then the redius of the disturbed area, r(t) is given by [15] as approxi- 

mately 2Xt where 

x - x1-5 = 0 - M™ + ig5 P«" 

These equations must be integrated step by step. The results are gener- 

ally poor except in the case a = .02, which is relatively insensitive 

to changes from the basic 4-neighbor network model. 

2. Distribution of Clump Size for a = y 

Figure 18 oanpares the equilibriun distribution of clunp size 

observed in the 4-neighbor lattice simulation to the prediction based on 

Eq. (30). Figure 19 gives the expected clunp size distribution in a 

lattice when the blockod nodes are placed randomly on the lattice with 

an average fraction blocked of .07 as given toy Roach tl6]. We oonpare 

this to the clunp size distribution observed in the randan graph for the 

case a = y^, N = 50 by formally assuming that the nodes are in a 

lattice. The result of this assunption is a mapping that randomly dis- 

perses the clunpe. The agreement is excellent, and by conparing Figs. 

18 and 19 we see that the clumping in the Markov network is not at all 

random (i.e., unoorrelated). 
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L  

3.   Average Clurp S^-ze for   a>y 
(0) 

Rjr the case o = .01067, M  = .01 an average cluip size of 

3.48 was observed in the simulation after equilibrium was attained. Th^ 1 
three different methods for predicting this value give estimates of 4.24, 

2.62,  and 3.32, respectively. Straightforward application of the clunp- 
(0)     I ing analysis (Eq. (28)), which is valid for o = yv ', yields a value 

greater than 6. Hence these new methods offer some inprovement. 

4. Maximin Clvftp Size ^ 

Figures 20 and 21 show the distribution of the maxiimm clunp 

size observed in the similation for two different sets of parameters 

after equilibriun is reached. Figure 21 shows the effect of "harmonics" 

of the expected maxiimm clunp size as large cluips carbined for short 

times. The results are renarkably good, especially considering the dis- 

persion in the distribution in Fig. 21.      < 
\ 

C.  *Hot Spots" - Analysis and Results \ 
I        i ; 

In this section we analyze the effect of placing a snail number of 

high rate .of blocking (i.e. o»u(0)) nodes info networks of predomi- 

nantly low rate of blocking nodes (o<y(0)). We call these high rate of 

blocking nodes "hot spots". The simulatibn of a singlej hot stx>t (with 

o = 2vi^) placed centrally in a i 32 x 32 network of nodes with 

a ■ \i^/2   revealed that such low rate of blocking nodes effectively 

prevent blocking propagation. The high rate of blocking node was the 

only node in the network \that was ever observed toblod'. Hence in the 

analysis to follow, the low rate of blocking nodes will be assuned to 

have o ■ y*0*, N = 50, and we will apptoxiinate the hot spots as being 

permanently blocked. 

\ 
i \ 
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Line of   N   Pernanently Blocked Nodes 

•N- 

Suppose a line of permanently blocked nodes is put into an environ- 

ment of nodes with o = y  and N = 50. Par a network consisting en- 

tirely of this latter kind of node, we lanat that the expected roaxiimm 

clunp size is 9 nodes. This leads u> to expect a triple row of N 

blocked nodes, including those permanently blocked. Therefore in a net 

of 1024 nodes, recalling that .07 is the expected fraction of blocked 

nodes in the absence of permanently blocked nodes, we should have, with 

our blocked line, 

E[fraction blocked] = (3N + .07(1024 - 3N))/1024 

« .07 for N snail (39) 

Per N ■ 32, i.e., the line of permanently blocked nodes spanning 

the network, we should get 

E[fraction blocked] = (32 * 3 + .07(1024 - 32 * 3))/1024 

= .157 (40) 

For isolated pernanently blocked nodes we must again consider the 

growth topologies and the Markov chain structures. 

Let {$ indicate a permanently blocked node 

X indicate a temporarily blocked node 

® X1=4X(1) 
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Vfe see that fron a single permanently blocked node growth occurs at a 

rate of 4X  . Let us look at a clump of two and form the correspond- 

ing Markov chain: 

\2 = 6X
{1) 

X ® y2=^(1> 

The death rate out of state 3 (i.e., a clunp of 3) assumes that 

either of the following topologies 

X 

X g) X     or       x ® 

is much more likely than 

XX® 

Already we have been forced to make approximations. The topological 

problems which we face in this analysis are even more difficult than 

those faced before in analyzing the system to obtain the average nunber 

blocked for the case a ■ y  • At that time we found it useful to make 

the approscimation 

^ = 2(n + 1) (1)     n > 1 

U = (n + 1) (2)      n > 2 

In the system with permanently blocked nodes the grcwth rate at 
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different cluip sizes should be the same as those above. Hcwever, the 

pentanaitly blocked node cannot, by definition, become free. Assume that 

it is well within the cluip at larger cluip sizes. Then we should use 

the u  qiven above diminished by p    where km is the highest 
n   " 

nurber appearing and the egression for   u •    Hence we will assume the 

following growth and death rates: 

Mn = 2(n+1)X(1) n>l 

Vn - ny(2) n > 2 

Then 

Therefore 

and 

n-1     X. 

Pn-^^-       nil 

rr  2(i + 1)A(1) „ n  n-l        „ .  , ,piJ l  , nr  V        n -1 
^«L    (i + l)yU; 

2X(1) 

vAiere r = —rxr- 

00 00 Pi 

= 1 - r 

pn = (1 - r)rn        n > 1 

00 00 

E[# in system] = E11?». ■ tl - r) J^nr11" 
n=l   n n=l 

1       , 2A(1) 

= i _     where r = —TäT- 
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For 

o = .01 = y(0)
f N = 50 

(1) id) ^ „    „(D _ -    „(0)  , y1"7 _   nm A      =a-y      ■ • ■ K      + —F— = .002 

Therefore 

f 

r     2X(1)       2 r = 72r = i 

.006 

Therefore 

E[# in system] ■ j^ _ 2 ■ 3 

"l 

Thus an isolated permanently blocked node should, en the average, cause 

a clump of size 3 to be produced, i.e., itself plus two temporarily 

blocked nodes. If there are N isolated permanently blocked noöes and 

N is less than, say, 100 we should have 

E[fraction blocked] = (3N + .07(1024 - 3N))/1024 (41) 

If N is large, i.e., greated than 100, we must iterate to a solu- 

tion as in the following exanple. Oonsider a lattice of 256 pentanently 

blocked nodes superinposed on the 1024 node network: 

2 0 2 0 [2 

i 2  c 2   , h 
2 2 Ü 2 0 

4 2   . 2   t fv 

2 0 2 0 
r 
2 

The nurtoer       ^xde a node indicate hew many permanently blocked nodes 

65 



that rode has as neighbors. It is easy to see that one-third of the 

non-petmanently blod-ed nodes are of the 0 type, and the other two- 

thirds are of the 2 type. 

From the amount of time spent in the blocked state and the  free 

state, we know that a node with X blocked nei^ibors is blocked with 

prcbability 

fx-T 
^x) (X) (x) 

J(x) + i(x) 
Xw     X 

Iterefare, we have as a first step in the solution 

E[# blocked]  ■ 256 + 512 f2 + 256 fc 

with 

^2 0 Ö D 0 o 

Let k2 ■ average # of blocked nei^ibors for a type 2 node 

kA = average # of blocked nei^ibors for a type 0 node 0 ' 

then our iteration proceeds as follcvs: 

k2 = 2 + 2*f0=2 + 2(.02) = 2.04 « 2 

k0 = 0 + 4 * f2 = 4(.4) = 1.6 

f       X^      ^^   4 f2 B "5— = T - •* 

0 0 5 

k2 = 2+2*f0=2 + 2(.32) = 2.64 

k0 = 0 + 4 * f2 = 4(.4)  - 1.6 
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,f2 = -5^= .528 

fo-r=-32 

1^-2 + 2*^ = 2+ 2(.32) ■ 2.64 

k0 = 0 + 4 * f2 = 4(.528) = 2.112 

k2 
H'T"* •528 

k
o ifo = r= •422 

k2 = 2 + 2*f0»2+ 2(.422) = 2.84 

k0 = 0 + 4 * f2 = 4(.528) = 2.112 

k2 

k0 f0^=.422 

We will end the iteration at this point and get as an approximate solu- 

tion 

Effraction blocked] *= (256 + 512 f2 + 256 f0)/1024 

- .639 

In the limit the E [fraction blocked] ■ .66176. (42) 

Ihe last case which we will consider is that of an R X R clump of 

permanently blocked nodes, with R _> 2. Modelling the border of this 

clump as a line of permanently blocked nodes formed into a square, we 

should expect the clump to increase to (R + 1) X (R + 1). 
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Therefore, 

Etfraction blocked] = ((R + I)2 + .07(1024 - (R + 1)2))/1024  (43) 

Table 1 lists the results observed in the siimxLation of hot spots on 

the 32 x 32 grid for the follcwing cases: 

1. «n« hot spots side by side 

2. Ttoo hot spots separated by one low rate of blocking node 

3. Three hot spots in a ocnnected strai^it line 

4. 32 hot spots in a line (one whole row of the network) 

5. A lattice of 64 hot spots spread evenly over the 32 x 32 grid 

6. A lattice of 256 hot spots spread evenly over the grid 

7. Rjur hot spots in a 2 x 2 clutp 

8. Nine hot spots in a 3 x 3 clurp 

9. 25 hot spots in a 5 x 5 clurp 

Time Total 
% Blocked  of  % Blocked Observation  % Blocked  Pertinent 

Case   Hiofa  High  Average    Time    (Prediction)  Equation 

1 10.0   1327    7.5     1636        7 39 

2 8.4   953    7       1331        7 39 

3 8.6   1901    7       1985        7 39 

4 16.8   2412    13.5     3581        15.7        40 

5 25.4    838    24       1265        24.4        41 

6 64.3    632    63        758        66.2        42 

7 9.6   1897    7       2060        7 43 

8 10.7*  2237    8.4*    2380        7 43 

9 10.7   1731    9.2     2098       10.2        43 

HPi- SPOTS RESULTS 

TABLE 1 

*lhe hi^i value and the overall greater average were due to the forma- 
tion of a large clunp that was not connected to the 3 x 3 clunp. 
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These models have clearly proven their applicability.   This ocnpletes 

our analysis of hot spots. 

So far we have permitted ourselves the strong assuttpticn of two- 

state Markovian nodes.    In the next section we treat the application of 

these results to a simulated cxxiputer-axmunicatian network of 64 nodes 

which has many real world properties. 
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CHAPTER 5 

SIMUIATICN OF A NEIWOBK WITH fCSSAO: TRANSFER 

A.     Description 

A program which simolates a store-and-fbrwarri camunioation network 

of 64 nodes was run on the IXZA XES Sigma-? computer (see Appendix C for 

a listing of this prograrr). In this network messages are sent fron ori- 

gin to destination nodes under nearly fixed routing strategies. The es- 

sential characteristics of this simulation network are the following: 

1. Nodes are arranged in an 8 x 8 grid and are nutfcered consecu- 

tively from 1 to 64 by rows.   Any node   i   is connected to nodes i + 1, 

i + 8 modulo 64.   the result is a "twisted torus," which shows conplete 

syimetry foi- each node.    (A torus network prevents the center of the net 

from becoming a bottleneck, and a "twisted torus" is conveniently pro- 

graniued.) 

2. Message lengths are exponentially distributed with an average 

of   5//°'    units. 

3. Every node has storage for exactly   N   messages (1 < N < 50). 

4. The arrival rate of requests for inputs to the IMP from the 

HOST is (o - 4li(0,/5). 

5. When a blocked node becomes free, each of its neighbors wto has 

a message for it makes a request to send that message to it at a rate of 

a   FETRif (or just a RE). 

6. Routing is fixed.    The routing algorithm, after being queried 

by a node, relays to that node the "best" next node and the "second best" 

Preceding page blank 
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next node for that message based en its final destination. However, 

every queue within a node for an output line from that node is limited 

in length to N/4 + 1. nils avoids the "deadly enbrace" that could re- 

sult if two adjacent nodes should fill up with nessages for the other 

and thus both beccme permanently blocked. 

7. Messages are sent to and from the HOST on lines equal in capa- 

city to an DP-Df» line. 

8. Message destinations are chosen within a node from a uniform 

distribution on the remaining 63 nodes. 

With these assumptions the network was simulated with i/0' = .01, 

N ■ 50, and various values of a and a FE. 

B. Observations 

The surprising result of these sinulations was that eventually, the 

network blocked conpletely in every case observed for a >_ y^ '. The 

network in the case a = y* , did show a degree of stability, however, 

requiring an extremely long time to block ccnpletely. After the network 

had blocked conpletely, an inspection of the contents of the nodes showed 

that each was filled with messages destined for the other IMPs, i.e., 

they contained no HOST messages. An explanation and model for this be- 

havior and the ccrplete blocking of the network is given in the next 

section. 

C. Derivation of the Modified Network Model 

The basic reason that the IMPS beccme conpletely filled with mes- 

sages for the other Dffs can be stated very sinply. In a non-blocking 

network an equilibriun exists between the input-output rates (and the 

average storage required) for both HOST and non-HOST traffic. Blocking 
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causes a decrease in the output rate of non-HOST messages while the in- 

put of such messages ranains constant. On the other hand, blocking has 

no effect en either the input or Üie output rate of HOST traffic. The 

loss of equilibrium between the input and output rates for ncn-HOST traf- 

fic causes a gradual increase in the storage required for such traffic. 

Eventually, the storage is oonpletely taken over by non-HOST traffic, 

and thus the rate at which the network delivers messages to destinations 

(HOSTS) goes to zero. 

We now present a mathematical model for this phencroenon. Consider 

once more the simplified network model shown in Fig. 4. 

the rate at which the system becomes free is \i   '/5, which is 

equal to the average rate of message transmission into the HOST. Simi- 

larly, the rate at which the system becexnes blocked is o - y   which 

is the excess of the arrival rate over the total service rate. This 

model assumes that there is always a message in the IMP that is destined 

for the HOST. In real networks such may not be the case. 

Let P(t) = P [there is a message in the IMP destined for the HOST 

at time t]. Then the average rate of transmission into the HOST is 

p(t)y  /5 and a better network model would be that shown in Fig. 22. 

UM 

03 
Figura22. Modifwd Natworfc Model 
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This nottel yields the following system equation: 

• 

vÄ^ere Pt^t) = P[system is in state B (blocked)]. 

Before solving this equation we must derive an expression for 

p(t), which we do by enploying the Elirenfest model of diffusion [24]. 

We will make the optimistic assuttption that the IMP is oonpletely tilled 

with messages (optimistic because it increases the change of finding a 

nessage in the IMP tfcat is destined for the HOBT) and neglect the fact 

that this neans it is blocked1. Vfe will use the modified network model 

(Fig. 22) to get the fraction of blocked nodes given p(t), and p(t) 

will be; determined at the same time by means of the blocking history. 

Vfe will then,solve this systen of equations.    ! 

Suppose that we haVe two barrels labeled HOST (H) and Store-and- 

Btorward (SF). Distributed between these two barrels are N marbles 
\ 

(messages). At random tines* one or the other of these barrels is chosen 

according to some probability law, and a marble is taken from that barrel 

(if it has a marble). With some probabiUr-- the marble is put into the 

SF barrel and widi the oowplementary probability it is put* in the H 
1 

barrel. 

Ihe state of the system is the nurtoer of marbles in the SF barrel 

at time   t, or equivalently, the ramber of storage cells required for 
I store-and-forward traffic.    In particular, we want to knew 

I 
p^(t) = P [barrel SF contains all N marbles] 

*The interval between these times is presumed to have an avbrage value 
equal to the average time required' for a trananission plus an arrival 
given the condition of the network, i.e., the traction of blocked nodes. 

\ 
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\ 
which corresponds to the case of a node vdth no traffic deliverable to 

its HOST. Then it follows that 

p(t) = 1 - F^(t) \ 

Ctoosing barrel H and withdrawing a marble from it represents the 

tranatvission of a message to the HOST. If there is a message to be 

tranatdtted, the trananission rate is y1 /5 (more generally it is 

M,vi^/M, if there are M  output lines of which f/^ go to the HOST). 

Choosing barrel SF and taking a marble from it represents the transmis- 

sion of a store-and-forward message. If a firaction f(t) of the nodes 

are blocked at time t, then the average output rate for store-and- 

forward traffic is 4/5ii(0) (1 - f(t)) assuming that there are at least 

four store-and-forward messages in the IMP and all of the output lines 

to other IMPs are being utilized. The total output rate from the IMP 

is thus i 

i (0) 
H^ + ^(l-f(t))=y

(0)-V0)f(t) 

The probability of ctoosing barrel H given that there is a marble in H 

anä at least four narbles in SF is thus 

' '    u""/5 

ani the probability of ctoosing barrel SF under the same conditions is 

4 (0) 
5^  (1 - f(t)) 

I y<0)-iy(0>f(t) 

For the case of j SF messages in the IMP with j < 4, the output 

\ 

\ i ! 
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rate for SF traffic is j/4 times the output rate for j = 4. The total 

output rate and the probability of choosing a barrel nust then be adjust- 

ed. 

Assane that the average path length in the network is L. Then, on 

the average, a message visits L + 1 IfPs   tn making its way through 

the network. If the time spent in any segment of the path is approxi- 

mately the same for all segments, then the probability of a message be- 

ing in any particular segment of its path is 1/(L + 1). In particular, 

the probability that a message is in its final path segment is 1/(L + 1). 

Placing a marble into barrel H represents the arrival of an IMP of 

a message that is destined for the HOST, which occurs with probability 

1/(L + 1). Similarly, placing a marble into barrel SF represents the 

arrival of a store-and-forward type message, and this event occurs with 

probability L/il» + D • 

Let us define 

P    (t) = P[HOST type message arrival] = P [placing a marble in 

barrel H] 

P    (t) = P [store-and-forward type message arrival] 

= P [placing a marble in barrel SF] 

Pui^t) = P [message trananission to HOST] = P [taking a marble fmn 
tu 

barrel H] 

P--(t) = P [message transmission to another IMP] 

■ P [taking a marble from barrel SF] 

E. ■ event that there are   j   marbles in barrel SF 

a. .(t) ■ P[going fron   E.    to   E.    in one step, i.e., one message 

trananission plus one message arrival] 
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If there are no store-and-forvard messages in the IMP, then the proba- 

bility of a transmission to the HOST is one, and if the IMP is conpletely 

filled with store-and-forward messages, the probability of a store-and- 

forward transmission is one. Analogously, we are not allowed to choose 

an enpty barrel from which to withdraw a marble- As a result we get 

the following: 

a01(t) = PSA{t) 

aoo(t) = pkA(t) 

^(t) =%A(t)PHT(t) +PÄ(t)Pte(t) 

ajj-i(t) = Psr(t)%A(t) 

ajj+i
(t) " ^HT^SA^ 

Sm-lM  = PHA(t) 

•W«« " PsA(t) 

v*iere, for sinplicity, we have not listed all of the cases a. . for 

i or j < 4. 

Let 

A(t) = [a^t)] 

and 

then 

p^t) = P[E. at time t) 

P(t) = Ip0(t),p^(t)»PjW ... F^(t)] 

P(t + At) = P(t)A(t) 

We have assuned that the IMP is completely filled with messages; there- 

fore, we must have a message departure before we can allow a message 

arrival. Thus, given the fraction of blocked nodes in the network 
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f (t), and a message arrival rate to tiie Iff» of o nessage/sec., we have 

that the average time required for one step (1 departure + 1 arrival) is 

AtV«-l"'f(t)+° <44, 

The other equations conprising the system of equations that must be 

solved to get p(t) are the following: 

df(t) = - f(t) (a - y<0) + ^ p(t}) + a - y(0)      (45) 
-at- 5 

P(t + At) = P(t)A(t) 

p(t + At) = 1 - PjjCt + At) (46) 

To actually calculate the solution to this system of equations we 

must be given the initial values  p^O) and f (0). Equation (45) is 

integrated step by step using a value of p(t) that renaiiis constant 

for a length of time At given by Eq. (44) whereupon it is recalculated 

using Eq. (46) with the new values of ai.(t). 

The solution of this set of equations shows that the fraction of 

blocked nodes changes very slowly and the final value is higher than 

that preducted by the unmodified network model (Fig. 4). If state N is 

made an absorbing state, i.e., once the IMP becomes filled with store- 

and-fbrward messages it remains in that state, the model predicts that 

the network blocks conpletely for the case a > y( ' with probability 

one. 

D.  Conparison to Simulation 

ühe nodified network model predicts that the case a = yl   should 
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be stable, i.e. should not block oonpletely. This is a weakness in the 

model. By the clunping analysis we know that the equilibrium fraction 

of blocked nodes in a network with these paraatEters and N = 50 should 

be about .07. Any amount of blocking will result in a loss of equili- 

briun between the input and output rates of store-and-forward traffic 

and thus we expect ocnplete network blocking to be the final result. 

In one simulation run with o ■ \i   '    and N = 50 the network 

stayed in the range 3.1% to 12.5% blocked for 98,000 time units. This 

may be ccnpared with a time of 2,000 units which was the time required 

to reach equilibriun in the unmodified network model (Eq. (18)) for this 

set of parameters. This message transfer simulation required a net time 

of 250,000 time units to block oonpletely, the net time being the amount 

of time front first observed blocking until the entire net is blocktid. 

A subsequent run required 180,000 time units to bloc*; oonpletely. Both 

of these runs used a value of 1,000 for  o—,. The effect of this value 

was almost to insure that when an IfP becomes free its enpty spot gets 

filled with a message from another IfP,  which may be a HOST message. 

This tends to free the net. When a^,     was decreased to a value of 

.002, a rate ccnparable to that at which messages are arriving fron the 

HOST, the net time t total blocking dropped to 91,000 time units. A 

further decrease of a—     to 10  caused this net time to drop to 

66,000 time units. 

A simulation run with a ■ .01067, u       -  .01, and o^ = 1,000 

(Fig. 23) again showed seme stability. The net time to complete blocking 

was observed to be 118,000 time units. Reduction of  o_p  to .002 

(Fig. 24) and then to 10   (Fig. 25) caused the net time to drop to 
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64,000 and 52,000 time units respectively. The predicted time to com- 

plete blocking fron the modified network model with initial conditions 

p40(0) ■ 1 and f (0) = 0 is 77,000 time units. In Fig. 25 the predic- 

tion from the modified network model assumes P[store-and-forward message 

arrival] = 1, and P[HQST arrival] = 0 and the same initial conditions 

as before. One of the reasons that the fit between the simulations and 

the predicted trajectories is not better is the difficulty of achieving 

uniform initial conditions for the simulated network, which are assumed 

in the modified network model. 

Simulation results for the network with a = .02, y* ' = .01, and 

o_, equal successively to 1,000, .002, and 10~ yielded net times to 

total blocking of 46,000; 22,000; and 24,000 time units respectively. 

The prediction from the modified network model is 18,000 time units. 

We see that this model is far from being perfect, but it does pro- 

vide nearly quantitative and certainly qualitative understanding of the 

behavior of these simulated networks. 
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CHAPTER 6 

OONCLUSICNS 

A nunfcer of new models that have explication to store-and-forward 

camunication networks have been presented. 

First, we have the probabilistic model for nodal blocking due to 

finite storage space (Fig. 2 and Eqs. (3-7)). The model is applicable 

when the average message arrival rate a   equals or exceeds the average 

message service rate p(0). The model shows that the blocking behavior 

of an IMP is approximately a two-state Markov process. 

Our second ncdel is for the fraction of blocked nodes in a network 

of such nodes and also has a two-state Markov process representation 

(Fig. 4 and Eq. (18)). The result appears valid for both randonly con- 

nected and lattice networks and for a variety of system parameters (Figs. 

9-14). However, the nodel for the fraction of blocked nodes in a "par- 

tial blocking" network (Figs. 15-17) needs to be greatly inpraved. 

Various clunping models have been presented and shewn useful for 

^ (0) 
such a network- Ihe clump size distribution for the case a = \i 

(Eq. (30) and Fig. 18) and the maximun clanp size model (Eq. (38) and 

Figs. 20 and 21) appear adequate to describe these cases. The average 

clump size for the case a > y(0) (Eqs. (35-37)) is a fair approximation 

and needs further work. 

Ihe modified network model (Fig. 22) provides a clue to the funda- 

mental behavior of store-and-forward camunication networks that are 

subject to overutilization. The model treats the case a > y   fairly 

Preceding page blank 
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well (Figs. 23-25) but does not appear applicable in the marginal case 

Further work on models of this type appears justified. An effort 

should be made to ijiprove the modified network model for the case 

o m p' | and investigations should be made into the transient clunping 

behavior in oorpletely blocking networks. Also, the variance of the 

measurement of the fraction blocked in such networks, and the time depen- 

dent connectivity requires investigation. 

Questions regarding the behavior of networks with selective blocking, 

as in the ARPA network, remain unanswered; nor have we introduced the 

effect of multi-packet messages. These would be in^ortant (and difficult) 

areas for research. 

The whole subject of blocking in networks of this type appears to 

be absent from the literature. We believe that this field contains many 

additional challenging research areas. 
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APPENDIX 

A.     Solution of   P = AP + C   for scroe speciaO. oases 

In this section we solve the netsrork equation 

P = AP + C 

for some special network topologies. Recall that if there are m nodes 

in the net, then P{t) is the m x 1 matrix whose i  conponent is 

the probability that node i is blocked at tine t. A is an m x m 

constant matrix and C is an m x 1 constant matrix. The solution is 

P(t) = eAtP(0) + A"1^ - DC 

Thus our problem is to find the exponential and the inverse of the 

matrix   A. 

1.     Lattice 
2 

Consider a network consisting of m = n  nodes arranged In an 

n x n grid with 4-neighbor connections. For this system the matrix A 

2 2 is   n   x n     and takes the following form: 

A = 

D    A 

ADA O 
ADA 

O A   D 

A   D 
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where D 

a b 

b a b 

b a b 

o 

o 
b a b 

b a n x n 

and 

where 

(0) 
_ V 

A = bl, n 

a • -a, b = ■=£— ,  and I  is the n x n identity natrix. 

We must first find the eigenvalues YV of D which are the solu- 

tions of | D - Y1 I ^ 0 • L0^ a stand for a - y in D; we wish to find 

the zeros of the determinant of D. Expanding by the elenents of the 

top row, we note the following recurrence relation for the determinant 

A  of the n x n matrix D: 

^ = aVi " b2V2 

with initial conditions A, = a, AQ = 1, A^ = 0. Pollcwdng Grenander 

and Szego [25] we substitute a = 2b cos 9, assune a solution of the 

form A = pn, and solve the resulting quadratic in p. After satisfy- 

ing the initial conditions the result is sinply 

,n sin(n + 1)6 
*n'b    sin 6 

which vanishes for 

8 = vrr/n+l v ■ 1,2,  .., n 

Iherefore, the eigenvalues of   D   are 
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a - 2b cos l■fl? ■ v = 1,2,  .., n 

■ 

which are all distinct.   The eigenvectors are the solutions of 

a   b 

b   a   b 

b   a   b 

o 
o 
b   a 

pvl' \l 

^2 \2 

\3 =  YV \3 

Lv -V 
It is easy to verify that the normalized solutions are 

(-l)n"k      .        kVTT 
*vk = !=■ sin iTTT Vh + 1 

2 

so that the (i,j)  element of   e 

and 

n     Y 

<rL*v**** v=l 

.-1 n .-1 

«here 

and 

Di,j' £ ^  \i ^ 

ot- VTT Yv = a - 2b cos KT1: 

x  - (-1)n"k ein las 
V       /r-r-r sin n + 1 Vn + 1 

2 

Similarly, it is easy to show that the transformation R*AR (where R* 

is the transpose of R) v*iere 
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R E 

Vn vl n    nl n 

X12In •** Wn •*• ^n 

In n    vn n    nn n 

with X , as given 

above reduces h   to the quasi-diagonal form 

M, O 
«2 

.--^      • • • o  % 
where 

\ 
= D - 2b cos 

VTT 
n + 1 n 

Since M is equal to D with a change of the diagonal element, we have 

that the (k,l) element of the (i,j) block of e  is 

? * u i ■ 2*3U3U 5]exp(a-2b cos-J^ -2b cos-2f)X .X , 

and 
n 

3TU -1, 

"UVKI ' £**** ^(-* 00^ - * ^'   VV 

vAiexe 

x - (-1)n"k ein las 
^Vk        /r-r^r s:Ln n + 1 Vn + .1 

2 

In our system   a = -o   and   b = JJ
(
 V5   so the time constants, i.e., 

the arguments in each of the exponentials appearing in the solution for 

At e       are of the form 
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2u(0)    r       v.u VI 
-ot - ^5- t[GOS H-TT 

+ 00- irrrj 

which takes on its smallest absolute value for ^ • Vj - n. Thus the 

motion of the system is bounded by 

4 (0)     T \J. exp- (o -I/ ' oosETT)t 

The nuirber   n   is tiie square root of the nurtber of nodes in tiie square 

lattice,   «mis result shows that as   n * »   the systan attains its 

steady state at a rate 

which agrees 

9-11). 

2.     Torus 

Irr        *   J0)\* exp - (0 - * V     )t 

with siitulation results for   n = 32 (see Eq. (18) and Figs. 

Again we consider a network of   m = n2   nodes arranged in an   nxn 

grid with 4-neighbor connections, but this tine we assume that opposite 

sides of the grid are connected together.   The result is a torus, and 

for this case the matrix   A, again   n2 x n2, takes tiie follcmng form: 

A - 

D    A 

ADA 

O 

O 
A   D   A 

A   D 
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where D = 

a   b 

b   a   b 

• ■ 

b 

O 
• 

.0 b   a   b 

b   a n x n 

and 

A = bl n 

,(0) where   a = -a, b = y     /5f and   I     is the   n x n   identity matrix.    The 

solution follows fron the fact that   A   is a block circulant natrix [26]. 

It is easy to verify that the transformation   R*AR (where   R*   is 

the transpose of   R) where 

and 

R = 

X10In hAx Vn 

Vn ••• Vn ••* Vn 

^n-^n     ^-l^     ^Sm-^n 

xlk=   l/X 

\k 

\+lk ^ 

[2    .   JCVIT' 

ft™* !SE 
V . .v        J 

k = 0,1,  .., n-1 

v even, ^ 0, < n 

k = 0,1,  .., n-1 

til if n even; k = 0,1,  .., n-1 

reduces   A   to the quasi-diagonal form 
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where 

o 
M.. 

•w 
O 

vir 

Mj^ = D + 2A 

M   ■ M^, = D + 2A cos j—        v even, 5^ 0, < n 

M   = D - 2A        if n even 

Therefore, the (1, j) block of   e     is 

and 

4.i 

Ai.j 

n M £w 
th^V -1 

with !^L and X , as given above. 

We observe that the matrix D is simply natrix A wherein each block is 

of dimension one; therefore, the (k,l) element of e  is 

and 

n 

%*" liVW3 
m 

.-1 n 

"M " ^VWV 
-1 
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where 

""I a + 2b 

"V^Vi'3*25005?1 v even, ^ 0, < n 

% 
= a - 2b   if n even 

Since A = bl , each of the matrices Jl  is equal to D with a change n s 

of the diagonal element. Hence the (k,l) element of the (i,j) block 

A 
of e  is 

etj;k,£ = £XsiXsj SVPä
6 

and 

v*»ere 

and 

^JlM = frsAj i^vv 
,-1 

n^g = as + 2b 

w 
^s " Vis = as + ^ ^ r   v even^ 0, < n 

m = a - 2b   if n even 

a, = a + 2b 

a.. ■ 

a = a - 2b   if n even n 

r = ^1 = a + ^ o* S1   r even' ^ 0' < n 

ana with x..  as given before. 

3.  TWisted Torus 

CUce more we consider a network of m = n  nodes arranged in an 
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n x n grid with 4-neighbor connections. We assume that nodes are nun- 

bered fron 1 to n  by rows and that node i is connected to nodes 

i ± 1, i ± n modulo n . A "twisted torus" results for which the connec- 

tion roe rix A is as follows: 

DA                        A* 

A* D   A           \^) 

A = • mm 

■ j^S           A* D    A 

A                           A* D 

"a   b 

b   a   b           QJ 
where D = • • • 

o b   a   b 

b   a n x n 

and A = 

o 
o 

■Hie matrix is a circulant, i.e., any row is a cyclic shift of the pre- 

vious row.   Ftollowing Bellman [26] we find that the eigenvalues are 
/^rki     arkni     2^2.^     27*^ A 

Yk = a + b\en+en    +en +en / 

= a + 2b(cos ^* + cos ^) k= 0,1,.., n2-l 
TT n 

v^iere i «* /-I,  and with associated eigenvectors 
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1 

2rrk. 

I?1 

:
 ^(n2-l)i 

n e 

The eigenvalues occur in pairs in all but the extreme cases.    This can 

be shown easily: 

n-k n^ n 

= a + 2b(oos 22| + cos ~) 
n 

= Yt 

•Uius the eigenvalues are 

^k ' ^ 

Y, = a + 4b 

n 
kvir 

*vk = "fi sin "I n 

^2"        kvir 
Vlk = -Kcos-^ 

v even, ^ 0, < n 
2 

k = 0, 1,  .., n -1 

(-1) 2 
X -   = -H^-        » even; k = 0, 1,  .., n -1 
n^        n 

Iherefore, for the twisted torus 

98 

■ 



2 n 
f(A)i  . =   EX-X  .f(Ys) 

where   f (y).  .     is the i,j   oomponiait of any pcwer of   y   or its in- 

verse, and   Xsk   and   YS   are as given above. 

B.     Cluttping Analysis for 8-Neighbor Topologies (Assumed valid for 

a = y(0), N > 50) 

The differait topologies for clvnps of up to four blocked nodes 

with their oarresponding birth and death rates are as follcws: 

X.= X(0) 

= «.(!) 

1) 0    o    o A0 

X = blocked node 
OXO x1 = SV 

0 ■ free node "        /QV 
0     0     0 Vim V 

2-1)       0 0 0 0 

0 X X 0 

0 0 0 0 

2-2) 0 0 0 

X2 - 4X<2' + 6X'1' 

0     0     X     0      X2 = 2X(2)+ 10X(1) 

0     X     0     0     y2 = 2y(1) 

0     0     0 

3-1)        0     0     0     0 

0     X     X     0 

0    0    X    o     y3 = 3y 

0     0     0 

X3 = X(3) + 4X(2) +    7X(1) 

= .,.(2) 
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3-2)   0 0 0 0 0 

0 X X X 0 

0 0 0 0 0 

3-3) 0 0 0 

0 0 0X0 

0 X X 0 0 

0 0 0 0 

X3=2X(3U4'.(2)
+6A(1) 

.3 - p«2' * 2P(1' 

3-4) 0 0 0 

0 0 X 0 
4X<2' 

/ 
X3- + ur 

0 0 X 0 0 

"j" u«> f 2^ 
0 X 0 0 

(1) 

3-5)   0 0  0 0  0 

0X0X0 

0  0X00 

0  0  0 

Xj = X(3> + 3X<2) ♦ UX<1' 

Mj - M'2> + 2w<1> 

4-1)        0 0 0 0 

0 X X 0 

0 X X 0 

0 0 0 0 

A, = 8X(2)      4X{1) 

P4 ■ 4y 
(3) 

4-2) 
X4 = 4X(3)  + 4X(2)  + 6X(1) 
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4-3) 0 o1 
0 o \ \ 

1 

0 0 X X 0 X4 - 2X(3' ♦ 4X<2> ♦ 8X(1' 

0 X X 0 0 Vi = 2p<3) + 2^ 

0 0 0 0 . 

4-4) 0 o\ 0 

0 0     0 X 0 

C XX X 0 

Q 0     0 0 0 

Xi = X(4)  + X(3)  + 5X(2)  + IX™ 

UM = ^  - 2»™  + U{1) 

4-5) 

4-6) 

1- 

4-7) 

0     0      0 

0      0X00 

0      X      X      X      0 

o   o   b    o    o 

0 ' o p 0 0 

0X0X0 

0 X X 0 0 

0     0     0      0 

0      0      0 

0     0X0 

0     0      X      0     0 

0     X      X     0 

0     0     0     0 

X4 = 3X(3) + 2X(2> + 9X(1) 

X4 -X
(4) + 6X(2)  + 8X(1) 

\- 

X4 = 2X(3) + 4X(2)  + 10X(1) 

^ = y^ + 2y^ + y(1) 
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\ ■ 

4-8)        O     0     0     Ö     O     0 

0X00X0        A4 = 

0     X     X    0    0       y. = \ 

2x(3) + K™ + m
(1) 

2p(2) + 2y(1) 

4-9)        0     0     0     0     0 

0X0X00 

0     0X0X0 

0     0     0     0     0 

X\ « 2X^ + 4X(2) + 12A(1) 

4 

y4 = 2y(2) + 2y (1) 

4-10) 

4-11) 

0 0 0 
\ 

' 

0 

0 

0 

0 

X 

X 

X 

0 

0 

0 

X 

0 X4- 

v4' 

3X'3' + 3X<2' I m«1' 
U(3' + 3V

a) 

0 0 0 0 0 

0 0 0 
\ 

0 X 6 0 0 

>4- 3X'3> + 2X<2> + m'a' 
0 0 

0 

X 

X 

X 

0 

0 

0 
M'3' ♦ au'2» + y(1) 

\ 

0 0 0 

\ 
The apprpxiiiation for large n is again a straight! line topology. In 

simulations on an 8-neighbor lattice round clumps are observed more 

frequently than stringy ones, but for clump topologies up to 4,  the 

straight line clunp yields better approximate growth and death rates 
\ 

than does, say, a square clunp. The approximation gives 
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X   - 2(n - 2)X(3) + 4X(2) + 6X(1) = (6n + 2)X(1) 
n 

7n + 2 10) 

Wfe find that a better approximation for   n = 4    (and thus we will assure 

for larger clunps as well)  is 

Vn - TnUO) 
9 

Fac the stationary probability of a clurtp of size   n   we then get 

A{0) rn-l 

Pn^Po^TÜT^-      n-1 

r.  x«" «.u-ril 

vAiere 

Ui mil - r) 1 "■i 

VW        r        J 

(1) ^ _ 54 X 

\{0)    Po 
E[# in system] = ^QT fr _ r) 

For the case   o = y* ', N = 50   this yields 

E[# in system] = .1338 

The result observed in siitulations is about .10. 
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C.     Simulation Programs 

The foUowing programs performed the simulations described earlier. 

They are written in Rsrtran IVH and run on the Jns Sigma-7 oonputer at 

U.C.L.A. 

1. Lattice (with graphical display) 

2. Random Graph 

3. Massage Transfer Network 
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1 c 
a 
3 
« 
5 
» 
7 
■ 
9 

to 
11 
12 
ta 
i« 
15 
U 
17 
It 
19 
90 c 
91 
99 
93 
t« 
95 
26 
97 c 
2« r. 
29 c 
30 
31 c 
32 
33 
3« 
35 
36 
37 
32 
39 
«0 
41 
%2 
«3 
4« 
♦s 
46 
*7 c 
♦ « 
«9 c 
SC 

lattice 

HAIK PRSQrtAH 
rnnneN K8F.Ti3s«a?«Nt« PAR*M<IO«IO>«JH*TE(10)« TMNJIO»» «TRIB^)« 

1 KKITE«   J^ÜKt  KnUNTMO)«   ISrEO,   TNBW.   KBON.   NBSECd*»»,   Prs£C(l6)# 
2 NfiANOn?«»«   I HAND*   MRANO«   KRANÜ«   KiOBO*   KBAD«   PARAM?(1j*10l 

THfriBN  r.roOPlbOOOJ«  JARlii>«32)«   NTl(t)«   INT2I2) 
OIMtNSIÖN JIKT1(2)«   JINT2C2) 
tNfEGK«  ATRIb«   TMftM«   TFIN 
INTtötM  GCeOE 
DATA   IG«»J»   ItfAn/1   ».»S'/ 
KOAfOatatMO 
KHAO'tBAO 
CALL 0S6PEN(bCBne«R000) 
DATA wINTl(l>«JTNTl(?)/iUMOO«*MOJA*/ 
DATA  wlNT?(ll«JlMT?(?>/«aAOOi<MOüF*/ 
fNiTl(l)«JlNTl(l> 
ISTl(2)aJINTl(2t 
l\T2(l>>JtNT2(l) 
twfrftisatMTitti 
TALL  fclSPICCPlrTURF«» 

BEGIN PICTtJNE  OEFINITIBN 
tk*lbJ 
IV>900 
Ob SOU !■!«32 
J>1 
KalNTLKSI?) 
CALL OOSTPCIPT) 

IPT IS THE CURRENT STACK PBINTEH 
INTENSITY • 2 IS INTFNSTTV HF Q'JftD NÖOFs 
INTENSITY • 7 IS INTEWSITV BF BAD NttOES 
JAMltJIalPT 

JARINJI'ABS ADÜKFRS rtF INTENSITY rxSTR. FAR PBIK'T  l»J) 
KaPblNT(U«IYi 
OB 200 jmit3S 
K.INTENS<2) 
CALL OOSTPdPTt 
JAK(I«J|aIPT 
KaRpeiNT(2««0i 

200 CKNTlSU» 
IkalBa 
IYBIY-?* 

300 CONTINOF 
CALL ENRPIC 
CALL UUPAO(lPICTURFi*iaP} 
OB 31 Ia1*3? 
On 31 Jal«3? 

31  .lAR(l*J)aJAR(l«.i)-t4P*l 
JAKlI«J)aftEL ADDRESS »F INTENSITY INSTRt FB» PBINT (l*J) 

CALL UISPIC 
DISPLAY PICTURE 

RfAU(10K«143» LRAKn«HRAN0(KRAND«N>4AN0(n 

1Ü5 
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51 1*3 FftHMAT(«t4) 
52 tin i** iMttii 
53 1*«   NAAND(J>aNRANü(J«l)^«J 
S« JRON'l 
55 5       CALL OATArti 
5« CALL  GASP 
57 DR  3   I*1«J2 
St DA  3  w»l»32 
59 3       CALL  OD(.€P«»PICTliHf i#jAR{I#J)»TNTn 
AC IF   (JKUN  iQE«   10)     8ft  TB h7 
61 C       LAST   RUN   IS NS   10.     THIS  CArfO CAN Bfc   ALTERFD  Tft  ALLOW  AW   NUMBER 
«2 C OF   liOKS  UP     TB  1«  XITH  lilFFfRENT   PAKAMFTFrtS FBR EACH  RUN. 
63 JrtLN»wRUN*l 
6* &B  TB h 
65 57    STbP 
66 ENL 
67 r 
68 C 
69 SUbHBUTIMC   GRAND   (RNUM) 
70 r»MMtiN  NSET(3?/i?*HJ.   PAR*mi0.10)#JRATE(10).   1ftHiiäi$   ATRIB(8>« 
71 1   KKITE«   JMUN«   *(miNT(10)f   ISFED«   T^SMt   NRON«   NBSEC(16)«   PrsEC(l6)A 
78                      ?       NKANn(12B)i   I RAMO»   MRANO.   KHANJ 
73 LRANCaLRAN0»6b519 
7« MXAN0»MftA^0«33bS**3» 
75 Jal*l«BS(LRANÜ|/167r7216 
7* RlMbna   .^♦FLOAT(KRA\0{J»*LhAKO*MR«\U)»   .232«306«E»9 
77 K»fANU«Ki;AND*3A2436069 
78 NI«ANblJ)aKNANO 
79 RETURN 
80 FNC 
8i r 
82 C 
83 SubRttUTINF BKDER (M.N) 
8« Cftf'KBN NStT(3?«3P««l« PAHAMI IOJIO)« JRATEdOl« TFIN(10>« ATRIBI8)« 
85 1 KKIU« JNUN« KAUNTMül« ISftD. Ti^BW« NBON« NHSEC(l6l< PCSECCU) 
86 INTLUEH  ATS« AT*« AT7« AT8 
87 iMTEGt« ATRIB« TNBo. TFIN 
88 C  tHOFK AUDS NBDE |M.N| TB BROfREO LIST BF EVENT TIHES FOR OATAK 
89 MS»0 
90 ^7»0 
91 C       MB  AND ri7  ARE  FLAHR«   bHEN  BtiTH>l   WE'VE  FBUNC   RIQHT SPBT  FBR   (M«N) 
92 lal 
93 J>1 
9« r   KNBM THAT NBDE (l.t> HAS BEEN BRDFREO 
9b IF (KRITE «EO« «1  Oft TB 14 
96 I.ATRfBIS) 
97 JaATKIBI6) 
9N IF (J .KF. 77771  6(1 TB 1« 
99 I«ATNI4(/I 
IOC JaATRIBIril 
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101 1 
102 C 
103 s 
10« 
lOS 
10« r 
10/ 
10« 
109 
itc 
in 7 
112 
il4 
m C 
lib 
116 
117 
11« 
119 6 
120 C 
121 
122 
123 
124 
125 
126 
127 
12« r 
129 
130 
131 
132 
133 9 
13« C 
135 
136 
137 
13« 
139 
140 
1*1 
1*2 C 
1*3 
1*« 
1*5 
146 9k 
1*7 99 
1*8 
1*9 
150 

♦  IF (ATHIBen-KSFTjt.j,!)) h.6»7 
•LT. 0 MEANS G8 TB ^»EOFCESseu»  ,GT. 0 08 T» SUCCESSOR 

l*»NSttft»J,7» 
IF (M7 «EJ« 1)  30 TR 9 
IF II« .F;« 94991 nn re 9 

SFF   IF   IT  HAS  A PHF0FCFSS9B 
.laNSfcT(|*J«NI 
IBIA 
Nh»l 
bh   Tt)   1« 
UaNSETl l«J«5) 
IF (Mb •to« i) nn rs b 
IF   ||A   •E14«   7777)   Of» TO  6 

SEF   11-   IT HAS  A StirCFSROR 
JaKSi-T(l«J«AI 
lalA 
M7»l 
Rft   TO   1« 
ATKlBCMaMSETd.J«!,) 

(H,M   SUCCFUES   (It.i)   (BV  CBNVFNTIBN   IF  THEY MAVF  •  TlhFfi» 
ATR1B(6)«NSET(I,J#HJ ■ir»M 
ATtiIB(7|a| 
ATkIB(HtaJ 
KSET(l«.i«ta)Bh 
NSEr(I«J*a)aN 
ATb*ATR|dl5) 
IF CATS •LQ»   7777)   Cfl  Tg 9« 

TFST FAILS IF (I,.|, HAS A SdCCESSftR, AND THUS HUST UPDATE HIM 
AT6«ATRia(6) 
NSIT(AT<««AT6#/)SH 
NSLT(ATii«AT6«a)aN 
fin TO SA 
ATNIB(5)aI 

(M«M) PRECEDES (l«J) 
ATkIB(6)aJ 
AT')Iä(7>«NSET(I«J«7l 
AThIB(iit«NSET(I«J«At 
NftET(l«J<7)*M 
NSET(It.J«N)aN 
AT7«ATRI8m 
IF (AT7 .kO. 9999) 1« TB <|R 

Tf?I/!i^a!u.
n**n H*R * '•"^«SSCJR («HICH MUST BE UP3ATF0) 

MA1t*Vy«ATa«tUH 
NSET(AT7*ATA«6)«ly 
OH   99  KmStH 
NSET(h«K«K|aATNIHtK| 
RFTuRlt 
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151 c 
162 
153 
IS* 
155 
156 
157 
ISS 
159 r. 
14C 
161 
16» c 
163 
16« 
165 
166 
167 
161 
169 
170 
171 
172 
173 
17« 
175 
176 
177 c 
17« c 
179 
110 
161 
162 
163 
»«* 
165 
186 
167 
isa 
169 
190 
191 
192 
193 
19« 
19b 
196 
197 
198 
199 
?0C 

SlJÖHÖUTIMfc   RACKi.J«Kl 
CftfMtiN KSkT(3r«V«MI' PAHAH| ic. 10 1» JH»T£ (IC i# TFIMMOI« AHIB(ft>« 

1 KfclTl« JXUK» KAONTMÜl« ISEED« TN^W« KBON, NhbEC(16)« Prr,€C(16l« 
?       KikANHMi»«»»   I HAKO*   mtkmDt   KHAND«   KGBaO«   KBAO»   PAHA!1?( 10« 10) 

r.HhKbN ar.nonäQaou JANJ3?»32)» IMTK?)« IMT?(?J 
IMEIIF.«  ATKIb«   TNOtk«   TFIN 
iNTküCH  6CHDE 

U,«)    IS   AXi   IMTIAILV  HAD  NttOF 
NSCTIJ«K*9)«1 
CALL OOhFPC •PlCTIJRF««jAR(J«K)<rNT2l 

Will-  LPOATE   NB  tF  P«D  NSOES   IK  SFCTdH»   AND PCX  t>AO   IN SiCTHK 
NSECTBN!;FTIJ*K«3) 
NrtSLt(NSECT)«KBSFCINStCT)►! 
RSLC'KBSFCINSiLCT) 
PrbttlN«.FCT>«rtSFr/A».Ü 
IF   <J-3P)   2«3#? 
NKtT(o*1»*.»«)»>»SFT|J*l«l<#«J*l 
TF   (J-H   «»S»« 
NSKT<o-1»<«*>«NSFTCJ-l«<»*»*l 
IF     IK-3PI   6«7«A 
NSLT{wi««*l««)>NSET(J(K*l««>4l 
IF   (K-ll   H«9«it 
NStT<-#K-l#«)'>NSFT(J.KM#«)*l 

9 RFTLKX 
FNt 

RliCftOOTINit   FIND   (KKWW.NCUL.NCWDF) 
rnhnbK   KStT(3f#SP««».   PAKA«(10.10»«JHATE(10),   TFIMIOI«   ATAIBIB)« 

1   KKlTt#   MUtst   KftUNTMOt«   ISFED«   TNHW«   KBDN«   NUSEC(16)«   PtsECIU) 
iNTLbiX   ATRIb«   TMfiw.   TFIN.   ALT 
IF   ((NMriw«LT*l«tR*NRKkitST*3rM*RR*(KCAL>LT«l«nK*NCSLtbT*3P)) 

1       btl  T6  d 
kWtli*MMM 
JCtJL»i«CeL 
ATfilb<llaNSfcTlJRHW«jCdL«l I 
AThIb(?»«ivSH(jM(»K«jC9L»2l 
ArKIb(«)aNSET(JHnW«JC9L««) 
.iTIMLaATRIBdl 
JNLhb«ATi4IB(«)«l 
IF   (NCtfCF   «Ei.«   01   ATalB(«)»ATHia(*>*1 
IF   (NC»rF   .Et.   II   ATRiai«i*ATRIBU)-1 
K!;ETI^R^<t«JCBL««)>ATR|B(«l 
KStHb«A1«IB<«)*1 
JSLbaS^ATMlHIrUJNFHB 
KKtcaaaATrtlHISUKK'FHB 
CALL   CAF(jHftb«urNL«AI AMDI 
CALL uHANOIRNuNt 
Al T«TMlk>INT<ALAH9«A| OGCRNjH)-0.5» 
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?01 S     AThiadUALT 
?02 (ib   Tb  h 
?03 <*     tF(ATsIA(1 »-ALTJ   b»A»7 
?o« b     If  iNCorK.sE.ATHt£M?n ArniPin-ALT 
?0b t4H   To   6 
?06 7        IF   (NCBRF»fO»*THn «?))   AT-VIf-(1 )»ALT 
?07 6       CftNTlNUf 
70« NStTluRh»«»JCbC#1>«ATRIb(l) 
709 IF   (jTThCtEUtATHTDmi     30  T8   in 
?IC TALL H16VE(Jl<ttt«JCnL) 
?ll CALL  brirE^CJNrtNfJCnLI 
Pie 10     C.HNTI\Uf 
9X3 B       RfTUHi> 
IH ^^ 
PIS c 
?lb C 
717 SUbMBUTINb   RMnVF   (JRRtt«   JCHl ) 
?1U rr^'hBK   KSKTi3?#l?#M».   PA«AM(10«10)#JH*TE<10)*   T»IM(in>t   AT«tB<«># 
719 1   KHITL«   JXON«   KftUNT(lü)«   ISFEO«   T.Mört.   NBON«   N-äEC(lft>«   PrsEC(16) 
pgC l\U(i(-R  ATklb»   TNOW«   TMNi 
?21 Df«   10 K«1*S 
??e 10     AThIB(K>.   NSET(.IR9w.JCeL«iC) 
923 IS0Ch»ATi«lB«5> 
?Z* ISUCC«ATHIB(A) 
P2S tPKtf«.AT-(lBC7l 
726 IPkLC«AT)4lB(6) 
227 IF   (IPKEH   »EO«   «19941   «..»  Tf   IS 
?2fc l\.sET(|PKFn«IPkECtb)«lsUCR 
229 IMSLT(IPCEx«lPKiC<b)alsUCC 
?30 IF   (ISUCR   »EO»   7777»     G9   TB  25 
P31 lb     NSLT(lSlir««ISl>Cr#/)«IPREH 
23e lsiStT(ISur«#ISuCC.K)»IPREC 
233 2b    RfTuhN 
23« F\C 
236 C 
236 C 
737 Rl.fchÖUTlNK   «ASP 
?3« CnhMBN   KStT(3r#«2^».   PAH«M( 1C» tO»# JHATE< 10»#   TFIN(10)#   AT««IB(«)# 
?39 1   KKllEi   JHON«   t«.«l)NT(1o)#   IS^ER«   T\RW<   NRON«   NHSECIUI«   PrSiEC(l6) 
?4C INUbKh   ATMIbf   TNtiW»   TFIN#   SUCft*   SUCC 
2*1 KfATKial 
2«e NFkTLal 
243 JMIUaU 
7«« «        IF    (Nafc1(NEXTR«MFXTC<7>   •&€•   9949)     uu   TU  S 
2*6 f.        TFST   AbbVf   FAILS   IF    (KF»Ta»NEl«TC)    IS   NiftT   THt   HFAI)   «F   THF   LIST 
2*6 NkX»KSf T(i<.f.XT«(#NFXTC»7) 
?«7 ^FxTC>^SF.T(^EATH*^FxTC«9) 
9*8 Nt-XTKaMX 
2*9 r       SFF   IF  HIS t»HFtfCFS&ftR   18 HfAO   !1F   Li ST 
25C 6h   Tb   • 
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?Sl 5       CALL   KMKWt(N£*TR,NPxTC> 
?Se ITLtiTsltlTBKtH) 
?S3 IFdTEST.NEtg»   fin  T«  S99 
?S« 597   ITLbTalStraNd)) 
?5«! IF( iTtST.tO.OJ     RETURN 
?56 b«   Tb  b4/ 
?!»7 SSB  thMI^Uf 
?5« TNbft-ATMHm 
?S9 T»   (TNe«   .Gt.   TFIM.jRjNn   Gft  TB   17 
96C SLCH«*TR|riCS) 
961 RUCC'ATKTuI«) 
?62 JMIU-JHIU^I 
P63 KKIU'O 
96« IF   (JRITE   »lit   .IRATFIJRUN))   GO   TS  7 
?65 f.        IF   AbbVt   TFST   IS  MFT,   WILL  NBT  PRINT   RFSULTS  AT  THIS EVFNT   TIKE 
966 JRlUaü 
i>67 Kf*ITt»l 
968 r       MU   PRINT MESULTS AT THIS tvCNT  TIME 
969 7       CALL  LVKTSINtkTRiKFXTC) 
97C MfxTR.SlXX 
971 NMTOSIXC 
978 tiH   Tb   « 
973 17    KWITE»! 
97« takITt   (108«?n 
97b 21     FnKnAT   (1H0«S?««96M** FINAL  HEPHNI   FOLLOWS  ••» 
976 CALL EVKTS (KF.XTH«NFXTC) 
977 Hf.TL.HN 
97« FNÜ 
979 C 
9«C   C 
981 SUbHÖUTlMt   OATAN 
982 CbhHbN  KSFT(39«^9(8t«   PAHANdOtlOI«JRATE(lÜ>«   TFINCIOI«   AT4IB(8I« 
983 1   «HlTk«  JitLN«  KAUKTMU)*   ISEEO«   TNBWt   NBON«   NHSEC(16)<   PrsEC(UI» 
98* 9        NhANC(l28l«   I RAND,   MRANO,   KRANU«   K(iBBO«   KHAO«   PAHA«<?( K). 10) 
985 OirtNSIPN     MAP«*«),   aAOtZü) 
986 iNTtbfcR  ATRIB*   TNBlni.   TF1N.   BAD 
987 RE Ac tAMBjA«   Fib i 
988 IF   (   jHijN  tNE*   11     ()ft  TS ^ 
289 RFAO   (lnb«31)  KRITF 
29C 31     FflkMAT   111) 
991 IF   (KRITF)   32«39«31 
992 3c     OP   19 J»l«10 
993 RtAU   (ir.S»2n     lAhHRA,   rlüt   N 
99« hiHlTL   (ia<t*10>     I AMHOA*   Mu,   N 
99b IF   (LAMRDA-NO)     A«7*8 
996 <<     hWlTE   (1üH«9) 
997 9  FhhMAT (KUHOEHKHR- LAhbOA MUST RE UREATER THAN SR FQUAL TM MU) 
99» J'<ILNa<>ü 
999 RFTUHN 
.IOC /  PaK 
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301 
aoi 
303 1 
30« 11 
305 
306 
307 
306 
309 19 
31C 10 
311 
312 21 
313 3J 
31« 3« 
315 bb 
316 
317 
318 37 
319 33 
32C 36 
381 la 
322 
323 23 
32« 
325 
326 « 
327 S 
32(i 3 
329 
33C 29 
331 
332 
333 2b 
33« c    • 
335 
336 
337 3e 
33« 
339 
3«C 2*. 
a«i 
3«2 
3«3 
3«« C  V 
3*5 
3«6 
3« 7 
3«8 
3«9 
35C 

PAKAM<1«J)»P/1U . 
CM  T8   11 yJV 
PAkAM!l,J)«l.C/(l AMUDA-HU» VCV\ 
P*hAM(6#j)»l.c/MU v^'eiX 
n(LTA»MU/5.0 
Oft   19   \m?,b X!Ä,>'^\. 
Ml)»MU-OfLTA 
PAKAMII«J)al*C/(LAnnOA-MU) 
PAKAh(U3<J)*l*0/MU 
fwkMAT   <MH0LArtBr)A»*r7.««a*.3MMu.#»'"7.»,5X. 

1 22HSUE  B^   UliiltEIMG Ro8M.,tS» 
FH^MAT   (.»(F7.CJ.tb» 
Ü»   3«   Nl.10 
RfAD   (lOüjbb)   (PAHAM2(J«n«jal«10) 
FftKKAT   (10t7.2) 
On  37   Nl.lO 
OH   37  Jal.10 
P*hAh?n,j).l./PAkAM?(UJ| 
FrthMAr(10F7.0) 
ft^AO   (lOH.??)    (.l«ATF(r»#I.1,101 
FfthMAT   (1JI7) 
RIAD   (lOn.23)   (TFlMr>«I«l«10) 
F-lKMAT   (1017) 
on « w'l.io 
WNITfc   (10H«3)     .t,   J^ATE(J).   TFIM(J) 
WHITE.   MOA«b)      (PARAM( I.J»«T«l,t0) 
F»HhAT   (1H   «llhPAKAMFTLRSa«10(F7.t«SX)) 
Fnf'MAT   (mo«7nRlJfg  M».. 12« 10X« IP^RtPQHT   RATFa» I7#10X« 

1     12MFJMSM  TIhF»#I7) 
HFALi   (10Ä.25)   MBN 
TStLÜaU 
KKlTEa« 
FftknAT   (I4) 

NIRN   IS  Nft »F   IMTtAILT  BAD MttPfl 
Ht&MNtW« 
tiKAO   (IDS. 3«)   HftlllvTdl 
FHKMATCII) 
WRITE   (1üA.?6)   .IRIA.   NI3N.   <8ljMT(l).   JMATE (JRLjN)«   TFIKJ(JRuN)/ 

1 LRANn.MRANO.KRANO.NnANUd) 
FfiKMAT   (1H1/3CX.7HRUN  K».. IP*10X»2/HN3.   I»F   IMTlALLV   RAO   \8DES». 

1 I«*lüX.12HFINn  »PTtäN».l1/lN0,4»x.l?HBEP0RT   HATE«.I7.10X. 
2 l^hUMaH   TinFa.I7.10X«13MRAN0(H   SEEOSa««( 19. IX ) ) 

WRITE   (10H.5)      (PAHAH(I«^JN).tal.)0) 
ktlL   NO*   SET   SECTTftN  KftS   ANJ  RESFT  HTMER  ELEMENTS  BF  MSl T 

IMS 
OH   1«  M| al.?b«8 
ML7aMi.»7 
Cfi   1«   Ial.2S«A 
I7al*7 
INaLMl 
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SSI r.   LN WILL BE THE SECTlnM \e» 
352 Of! 1* NaMLthL? 
353 M   1# JaT«17 
36* Oft  13 Km\,S 
355 13 NSET(N«.lfKtaO 
35« NKET(iM«J«J)aL\ 
357 DH 1» M.*.« 
35« . 1* N<;ET(N«J(M)«O 

359 OH  17   laid« \KSP 
360 KbStC(I)aü                                                                             ^HP 
3*1 17     MCSECJDaO 
36e HH.O   aOS««»7)   IDAT* 
363 ^7     FBRMAT   (tn 
36* IF dCAT« tC&i ii an re 94 
36b C   lOATAal I» uStioG ALTERNATE FBKM »F INPUT BF INITIALLV BAO NeOES 
366 IF (Ngjk .EOi Ot  lift TB 4« 
367 UP1TL (108«53) 
36« 53    fnKKAT   <1H0«19X«33HL1ST  BF   INITIAL BAO  NBOES FSLLBwS) 
369 Of   *3   Ial«NH0N«10 
37C RFAU   (lßä«%5l   ((tAÜ(.i)«jal«?Oi 
371 «5     F9KMAT   ItOltfl) 
37? Win   (1ÜM«S«>      (tAr)(JJ«Jal,2ü) 
373 5«    FftKhATllMl)»IO<2H  (• I?« 1H«« I9«PHI   >) 
37« Ob   %a  ial«10 
375 J.öAÜ(2»M-l) 
37« ftabAU(paH) 
377 r.       BAO Natt   IS   IJ«-,) 
37« IF u »ra» 4«i art rn «4 
379 f.   J«4»4> MA^KS END t»F LIST 9F INITIAL HAO NODES 
3BC CALL WAf« (J«<) 
381 4j     CHMINUF 
3He ♦♦    O.i  77 Mai«3? 
3M3 tia   77  Ka1«3? 
3B« .If VNTaNSFTlh«N«7) 
365 NEHdCaNSFr(n«\««) 
356 .iSLb«i>«.jE*NT*NtHBQ + 1 
367 CALL  CAP(M«N«ALAND) 
iB8 TALL ONANJ(RNUHI 
3R9 NStT(f<«K«na-IKT(AI AND«ALtfG|HMIf1)'0t5t 
39C 77     CfiNTU.ilf 
391 U   (NSf T(l«l«n.NäFT(l«2«Ut   7ff*7b«79 
398 7*i NStT(l»1»5)al 
39J NSET(l«1«*i)a2 
39* N<;LT<l«l«/)a9999 
395 Nr,ET(l«1*H)a9999 
396 KKfcTll«P«ä)a7777 
397 NStT(l«P«h)a7777 
39« NStT(l«?«;>al 
399 NSfcMI«P*N)al 
*0C Rh   TO  it3 
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«01 T*    NStT(l#1.t>».7777 
«02 NStT(t*1.6»»7/7; 
«03 MSk.T(l«1*7)al 
«0« NStT<U1#«)»2 
«Ob NSM(l*?»bUl 
«06 NStT<t#?»«>)»i 
«07 NStT(l#?f7)»999«» 
«OK \StT(l#?»«)«9999 
«09 HJ    ri.«c 
«10 Oh  HO   I»t»3? 
«11 M«l 
«12 Oft W J-l»3? 
«13 JJ-ü 
«1« Ml.ahL«l 
«IS IF   I ML   «Lt.   21   1«  tH  80 
«16 ATKIb(l)*MimilfJJil> 
«17 CALL  URnerit 11« J.I) 
«It «0     CdMlMJF 
«19 KH1U«0 
«20 RFTU^N 
«21 99    h4lU   (lOHdOll                                                                                  ^ 
«22 101     F^t1AT(tH0/lHC«lAX.33H|NlTlAL  BRIO   {««S MARK  HAD NBDFS)/1M0/H0) 
«?3 D»   127   t»l«lt«l 
«7« HFAÜ   «inS#l?l)   (MAPIJ)«J«t#A<H 
«26 121     FhRriAT   (ft«Il> 
«76 r       TWB KttwS  PF   THt  &RIO  rBMPHlsF   »MF   LINE   IF   OATA 
«?7 WkITt    ItiKHtlMl    (MAP(j)«Jal«32) 
«28 12c    FHKnAT   (in  #3?ni#lX») 
«29 c     BAD Knots ■ a* Qsnn N^OCS • i 
A3C WkITt(10H»122)   tMAP<J)#J»33*6«) 
«31 Oh   123  Hal«32 
«32 IF   (MAP(H)   «Ew*   1)   fill  IS   1?3 
«33 J>l 
«3« !(■* 
«35 CALL  RACK   (J«K) 
«36 123     CHKTINUF 
«37 Ob  127  M«33«6« 
«3« IF   (MAP(M)   «Eat   1)   ßS  TS   J?7 
«39 Jal«! 
««C K«^-i2 
««t CALL HACK (J#<) 
««2 127     CHKTINUF 
««3 ßM   T0   «• 
««« C       JdlNS  PJ<efi«AM  tiMtRF  RF8ULAR FMM  «F   INPUT  F.NREO 
««S ENt 
««6 C 
««7 C 
««£ SliBROLiTHE   CNVRT(N>|R9k#lCHL) 
««9 Oft   lb   U1*32 
«50 IF   (N-3?)   5*5*10 
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«SI 
•S2 
«S3 
*S« 
«55 
«56 
«S7 
«5« 
«59 
««0 
«61 
«68 
«63 
«6« 
«65 
«66 
«67 
«66 
«69 
«7b 
«71 
«72 
«73 
«7« 
«71 
«76 
«77 
«70 
«79 
«8C 
«61 
• M? 
«63 
«8« 
«MS 
«86 
«87 
«86 
«89 
«9C 
«91 
«92 
«93 
«9« 
«9b 
«t6 
♦97 
«98 
«99 
«vOC 

lu     Kmh'öic 
S iHtfK 

»NU 
r. 
c 

RlibhbuTtNE  FV\TS   (f,J) 
r.nMMON K»ET<32«3?«8I« PAHAMC 1C<10I* JRATE (10)« TFINdOW AT4|B(8)« 

1 KklTk.« JKUK« KltUNTMü)« ISFEO» TNUM« NfiON» MiStCClA)* PräEC<l6)< 
?        NKANnil?M)«   IRANO*   W'iAyO.   HHANU»   nr.eeO»   KHAD#   PARAf ?( U)# 101 

CHhribW (iCuDEiSOOO)«  JAP(Ji^*32l*   INT1(2)J   INT?C2) 
DlhLNSIPN HAPI39I 
INTtGk«  ATHIb.   TNCWi   TFIN 
IMEiiLR  GCBOt 
11*1 
.IJ"J 
jFVNTaATi«IB(2) 
I/«JEWM 
IF   (JEVKT   «EU»   01     ATKIdm«! 
IF   (JEVKT   .fb.   1)      ATWHmaO 
N!*[.T(tI*JJ«?)>ATRlb(P) 
KFVNT«ATR1B(2) 
NllbRw«I«l 
MMbCLaJ 
TALL   MM) 
NMbMU«I>l 
CALL  FIND 
KnBkwBt 
NKbCL'J«! 
CAIL  FIKO 
NMBCL«J-1 
TALL  FIND   (KMoHw.KfmCLiU» 
OH   1   Ll«l<8 
AThlbCLt UKSET(Tr#JJ»Ll) 
KFhkb«ATHIi)(«)«l 
NSECT«ATRIB(3> 
JSCb»n»JFVNT*MtM8D 
KSLB>b*iiFVNT«>iEHHD 
CALL   CAP(tI#Jw*Al AMOJ 

ALA1L   IS   THE   MEAN   IMTFRARRIVAL 
FALL   IJRANU(RNUH| 
ATKIbd J.IMlwlNTC*lAHÜ»ALor,(kMW>-ü.^» 

JFVNT«Ü.<   HEVNTBI   IF  NrlDE   CMANGEl:   FHciM  UMHO  T9   RA^«   *N0   VlCF   V(HSA 

ATxlb(«l>NEHBJ>1 
IF    (>>eV\r   .FC   11      liR   Td   10 
CALL  ^t>aEp(ipICTlJHFi«jAR(II«Jj)«Ii«T2) 

UPOAltS   IKTtKSITV  tlf   P»IKT(!«J»   IN LilSPLAV 
JARM#J)»«FL   AOüRFSS   «F   INTENSITY   I'SSTH.   F»t<   PHINT   (I»J> 

IKHak'MiKHfttLtlU 

tNt'.öKW,MM-?CL#Ul 

TtMF   Iff»   l/LAMHDA   «■?   Wl) 
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■ ii art 

HOI NtibK«N3f)M*l 
so2 r     NrtDN is   M »f B*O Ndors IN GRIC 
«03 1    DihbLCtNfirCTIaKllSFCIMtCCTWI      j 
«o« r NHIEC is K« ar o*o KROFS IN SFCTIAN 
sos nn TO i> 
M* lb     NtL'N*N(lDN*l 
S07 NM«iEC(NfiFCT».NBSrC(NSECT).1 
SOt CALL DOfiCPMPICrURri*JARm«Jj>ilNTli 
«08 12     hStC'NSSCCCKSfcCT» 
sic prstC(\s<:cT)«HSFC/A«.o 
nil 0« 99  Ift*                                                                           \ 
512 99    NStT(II»JJ#I)«*T«IB   T) !. 
513 IF   (KiMTE   »EG*   01     KR  T8  57 
SI« RKLC'NBON 
51« PCTNb»hSFC/10r*.0 
516 bHlTtdPH.S?»   TNRW»   NHONf   PfTNB 
517 52    FtihHAT   I tHO/lHO«SX.SMT nE». I5#5X.17HNB.  «F  B*0 NaOCR«i 
Sit I            U«5*«9HPCT*  BA0«#F6»«) 
919 0«  It MR«1«32 
S2C OS  11  MC«1«32                                                                         ! 
521 IF (NSETinRtHCtPtl I*»15«14 
522 1« HAP (hC I ■MAO 
523 RA TO 11 
52« 1$   HAPcncUKaeao 
525 11     CRKTINUC 
52* \     kRlTE   <10A«21l   IMAPIHk »#M)l»1 #1?» 
527 It    CBKTINÜF 
52« 21    FftNnAT   (1H  «32(Al<lKll 
529 57    CALL ftROERI I l«J.Jl 
530 19    RETURN 
S31 FM)                                                                                                I                              | 

32 C 
533 C 
53« SUBRBUTIME  CAP(t,J,ALAMO»                       , 
535 CHHMBK  NRET(3?«%9«Ai; PARAH»iO.TO>#JR*TE«10).   TFIN1101*   ATRISItl« 
S3« 1  KRITE«   JRUN«  KRUKTlllul«   ISFEO«   TM9N.   KBON«   NBSECdAt«   PrSECIUi« 
S37 ?       NkAUrniZm,   (»AMD«   MRAND.   KRANO«  KCBBO«  KlAD«  PARAM2(tO«10) 
S3t INTEfieN  ATRIB«   TNBM.   TFIN 
539 NCtbE*&aNSET(l«.l(2UNSET(l«J««)«l 
S«C IF   (I.E0>16*AN0*J*Fn*16)     6ft  TO  30 
5«1 IF   (I*EQ*1S*AN0*J«FQ*16)     6ft  Tft  30 
S«2 IF   (1*EQ»1«*AM0*J«F3*16)     6ft  Tft  30 
S«3 ALAM)aPAHAHP|*CftnE*JRüN| 
5«« RETURN 
5«S 30    CftMlNUF 
S«fe ALAIiO«PARAn(NCBnF«JRUNI 
S«7 RETURN                                                                                                                         I 
5«t FNt 
S«9 SVHBftL       I 
5SC Uf                 ISITBN 

\ 
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\ 
^ 

1 
1 

\      ■ 

SSI 
SS? 

ISITUN C*L2,t 
HO,0 t 

. 

SS3 STCF J ■ 

SS* CALif.l 1 . 
S5S &CS«1 4 

•»St 1 L»t* 13 
5S7 Li»*n 1«* 
SS« ANüJI *SI 
SS« a 2«« •    ' 
S4C tKO 

\ 
1 

i 
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Random Graph 

1 C HAIN  HMbKAn 
2 rttfl<!bN/7/«SETl3?*J?«1«l«F*kAni10«lU)*.Jf<ATt(10>«TFtNiin)«*TH|B(8)« 
3 1   uhlTt.  JMUK*   lcmiNT|10)#   rtrtA«   TNow.   NBDM.   NhSECIifc)»   PrsEt:(l6J# 
i>                       9       MiANimSAt*   I >4AM!)«   KRA«D<   KRANJ 
5 DIMNSIPN NRONtNi«   MCtLISI 
6 tMtüt«  ATRIb.   TM9W«   TFIN 
7 RMÜ(lCÜ<1^3i   LWAxn.HHANO.KPAND.NrlANOn ) 
I 1*3  FHKnAT(«TV> 
9 on  l«« if*t«tM 

10 1««  KwANU(JI«SRAM)(.l«n«?*J 
11 CALL   OHAPH 
12 NFAÜ   (103«?!)    IURAF 
13 21      FfthMAT(M) 
1« |F   llbRAr»{.Q*wi      Gh   T9   9b 
is htmtnoM.a?) 
1« 3/     FrthMAT(1Hl*?(«ix,»HN'»0E#lb»»9H^ lßHb8R?i?3X)) 
17 On   9*   |I1A3? 
1« Dfi   9*  J«l<3?*r 
19 JM*J*1 
2C r.h  4  ka9<12 
21 MtaNSeTd'J'M 
2c CALL   LNV^I{nt»j«n*.jr»L) 
23 fc«t-«(*>Hi*jRe* 
2« NCt-LU'Vi-JCbL 
25 MMKbfcT( tfjFXfKI 

CALL  LNVRT(Mfc<JRH»«.jr!lL) 
itiHbM<K>4i*JRe« 

4       NrbL(K-<i)«JCBL 

hNtnUIMttfi   Ii.J»\R«»<l)»NrBL(n.NHB«<2>#NCBLC?J#NHB»»(3»j\Ce»L(3)# 

? I*H«MRRta(5)*'4rt}L(!t|<KR«.(6)»NCnL(6|<NRnA(7l«MC0L(7)< 
1     S«bK(«»»NCbL(H» 

l«I2«lH««I?tlh))«10)i)) 

IS»   T9  37 
THIS  CA«0  CAK Hi.   ALreRFO   TR  ALLB-I  A».V  KulfcE" 

10  WITH  OIFFHRFNF   PA^AMETFRR  FBH  LACH   RliNt 

3« 17 Fl«i»hAI(1H  «2(9|3H 
35 9<» fnSTlM f 
36 93 rtlNTlNUf 
37 JIVM1 

8 1 CALL   DATA« 
TALL   Mß 

«c IF    (JMOK   .oE.   101 
«1 r L,ST RUN   is \e   10. 
•i c tf   HUNS  UP     Trt 
*3 jwl<K*oMli4*l 
• • RK   TU   h 
♦b b7 STct 
• t ► S.U 
*7 r. 
M c 
«9 Sl.bKblTtoc   DKANO 

5C Ci^MC%///NSET(3?. 
IRMll) 

hMC%///NSET(3?.J?»l»')»P*«AMI1ü#10».J«ATE(10)«TfINllCljATWlBIB)« 
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SI 
S2 
53 
9« 
9S 
M 
»7 
S* 
»§ 
*0 
«1 c 
*2 c 
«3 
4« 
*» 
M 
*7 
*• c 
*« 
7C 
71 c 
72 
73 
7* c 
7S 
7« 
77 
7« 
79 
•C 
91 1< 
12 c 
93 5 
9« 
95 
94 c 
97 
99 
99 
90 
91 7 
9t 
93 
9« r 
95 
94 
97 
91 
«9 4 
100 C 

1   KMTt»   J«<UK#  nmJNTMül»   l9K0i   TN0h#   N90N»   NHSECI14I«   PrsiEC(l4»# 
9       NRANDC12M)«  I MANOt   MAM)*   KRAMÜ 

Li4ANDa|.KAND«4ä539 
MkANÜ.MH*ND«335S«*^3 
.jaUlAHS(LKAM}|/14777214 
«StM«   .•(♦rt.BATINilANn(J>«LMANO«MRANO)«  •232A3ü44»E-9 
KkAlnD*Ki<AND*362«34049 

RETURN 
PUB 

SUBROUTINE ORDER «M,N> „.      .Q..,.. rBhMON///MSET(3>.3?.12)#PARAM(10 lO»#JKATE(lO)«TriN(10»#ATRIB(B)# 
1 «RITE« JHOIü» tCBUNTdO»» ISFCO, TwB»». NBDN. NaSEC(14)« PrsEC<14» 
INTtötR  ATS« AT4« AT7« ATS 
iKTEbER ATRIb« TNOM* TF1N 

BROFR ACDS NBOE CM.N» TO ORUEREO LI»T OF EVENT TIHFS FOW OATAN 
MM 

M^SS ri7 ARE FLABS.   WHEN »BTH.l  ME»VE  FOUND RlOHT SPOT  FOR   (H«N» 
I>1 
J«l 

KNSM THAT NODE (1*11 HAS SEEN ORDERED 
IF (KHITC «EO* «>  39 TO 1« 
laATRIBCSI 
JaATRIB(4i 
IF U «NE* 77771  QO TO 1« 
MATRiam 
jaATRIBIRi 

>  IF (ATHIB(li-N9FT|l«J«n) 5*4*7 
•LT. G HEANS 00 Tl» PRE0ECE989R«  .6T. 0 00 TO BUCCEOSOR 

IA*NSET(l«J«7t 
IF (H7 tFJ. II  00 TR 9 
|F IIA «EU* 9999) OR TO 9 

SFF It   IT HAS A PRFDFCFSSOR 
JaNSET(l«J«8> 
lalA 
NMI 
OH TO 1« 
|AaNSET||«J*5l 
IF (Hb «EU* II AR TR 4 
IF llA «Ed* 7777) SO TO 4 

SFF IF IT HAS A SdCCFSSBR 
.|aNSET|l*J«6) 
lalA 
H7»l 
RR TO U 
ATR|B(5)*NSEriI*J«S| 

(N.N)   8UCCEÜES  II.J)   (8V  C9NVFNTIRN   IF  THEY HAVE   •  TIHFS» 
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101 
lOü 
lOi 
lO* 
10h 
106 
107 
to«  r 
109 
IM 
ill 
112 
113     9 
tu      r. 
11b 
116 
117 
na 
119 
12C 
181 
Mi         C 
123 
12« 
125 
126     9 A 
127     99 
128 
129 
130   C 
131   C 
132 
133 
13« 
135 
136 
137 
13« 
139 
1*0 
l»l 
1*1 
1*3 
IM    l 
1«5 
1*6 
1*7 
1*4 
1*9 
1SC 

ATMb(7|al 

NStT(l«.l«6)«N 
ATb«ATRTH(bl 
If   (ATii   .tu.   7777)   .ifl   T*  ** 

TEST   »'AILS   It    llf.ll   HAS  A  SJCfESSm»,   AND   THUS MUST  UPDATf   HII 
AT6«ATH|B(6) 
NSU(ATh«AT6«;i*H 
KKf T(ATi)«ATA«M)aM 
r.M Tb s* 
ATklblblat 

(1<N>   PMECitOlS   (ItJi 
ATKlB(6)aJ 
ATK|b(7>a«SET(I<J«7) 
AlkIb(H)aMSC1IIfJ«MI 
NfiET(l«J«7)*n 
MtlfUfOvSlaH 
AT7aATR|bm 
IF   (AT7   .tO.   S949)   «ft   Tt»  <ik 

TFST   KAILS   IF   (t«.i)   HAS  A PXEDECFSSdR   («NIC* MUST  BE  UPOATFO) 
ATII>ATNTR(S) 
MSET(AT7«ATRfb)aM 
l«RLMAT7fATR#6)aN 
OH   99  KaS«« 
NSt.T(n«K*OaATRta(K) 
RETURN 
FNC 

SUbRfeUTINE  EVNTS   llaJl 
fttMr.BN/7/NSETc3?.3P.12»#P»HArni0.10>#Jfi*Tt(10»#TFlNno>«ATRlB«S»# 

1 «RITE« JWh, KftUNTHOl« ISFCDt TN0M« NRON« NRSECIl«)« PfbECd«)« 
?       KKAKn(12M)*   IRASO«   MRAMD«   KRAM.) 
OiriKblAN   ISTfM102«tt   lOlSTflO?*»»   IHAKI102*)«   ISTK(108*I 
IME&fcR  ATRIB*   TMBri«   TFIN 
Mal 
Jjau 
J(VNTaATRIB(2> 
l7ajEVNT 
CALL ALTFKdl.j.i.m 
OS 1 Llal.« 
ATHIblLl|aNSET(ll«JJ«Lll 
NFHt>taATRIB(*Ul 
NSLCTaATMIB(3l 
JSl.Hab«.|FtfNT«NEHaD 
IF   JJfVKT   »Ebt   01      ATRlB(?)al 
U    (JfVNT   .FO.   11      ATXlat^laO 
KFVKTaATHIB<2) 
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151 
IbS 
153 
15'» 
15h 
IM 
1'..7 
tSt< 
159 
160 
161 
162 
163 
16% 
165 
166 
167 
16B 
169 
17U 
171 
17? 
173 
17«» 
175 
176 
177 
17*1 
179 
1110 

11 
1M3 
m« 
IM 
IM« 
187 
11k 
1S9 
1»C m 
198 
193 
19« 
19b 

197 
19« 
199 

Al AnD'f A)4AM(KSUHi JQIJN) 
ALAnU   IS   iMi   Mt*N   TKTFRAHRIVAI    TIME    l«t«   1/LAM8DA   dH   1/MU 

TAIL   üNANÜ(HKjn) 
ATt<lb(n«fKeW.lNT<ALAMC»ALöR«fcNUri>-O.S) 

JKVM.ü»   ((K*KT«1   tr   NflOt   CMANGEL)  FHJh  fiiCO  T»  BAO«   AND   VICF   VtRSA 
ATf<Ib(3iaNSELT 
AT»<Ib(«)aNCHb>)>1 
KftuNT IKttM i »ftiini ( KSÜfa ) ♦! 
KtlCM I JSiin) «KAUMT (JMJH) • l 
N    IJiVNT   »Cbi   II     Oft   TO   10 
MkCMfiftOM*! 

N>10N   IS>     Mt  BF   .-sAO  KflOFS   IN  IWlO 
NhStC (Nf FCT I a^SFC (\SECT ) «1 

K^St-C   IS  KH  BF  HAO  NBOFS   IN SfCTIftN 
Im TB i? 

IC      KHLNa^CM-1 
ls.HS(C(KSFCT|aNbSFC(NSECT)>l 

U      »StL»NÖ«-FC(NSrCTI 
PrbkL(KFFCT)ahSFr/6*»0 
D-   99   lal«? 

99     NSETIIliJJf MaATRlMt) 
IF    (KHlTF   »EC«   0)      afl   T9   37 
IF    (TNBk.LTtl«>OOI   b*  TB  ioS 

«       lvll«t 
0»   21«   ^lal«lC2« 

?l*      tSTH(M)aU 
Ob    1K    IMal.3<> 
Dn   1K   tral,3? 
IF   (NatTIINf IC«9t*Ff]*U>   CitJ   TB   110 
Nxa|f<«3?a(|On 
lVLiaLVI 1*1 
IslKCLVI llaKX 

lit,    rnKTl^U* 
MPaLWLUl 
DW   lil   JlaMR#10?<» 

111      ISU(W1)«0 
«iuMaLvLI 
Nl bTSaO 
NftCtSaO 
IF (LvLII 33«J3<30 

i'f IF (LVLli 3?«32«30 
3w     CALL  CNVRTdÜTKILVI 1I«NR«NC) 

IST«<LVll»aO 
lWLlaLVI l-l 
LUTal 

Oft   TB  Uf 
11«     IF   (LVL9*t3*l(,2«l   r.«  TB   lo 

LWL2aLVL?»l 

- 



?0l TALL  CNVHT(I6TH|I VI ?l«N4«Nr.l 
?0i IF   |K»lTISXfNC«4lil T.«)     JKNTBJKNT4l 
?03 l<iTlk(LVl9l«0 
?0h LM-LHT*« 
*0t «7 U   jNh-391   «1.2*9 
70* «1 

NCI-NC                                                          /AO«^ 
L 1 Kt • I                                                         ^i»« 0^>>^ 
KV.NKt*3?.(NCl-U                                  ^^•K»v*W/N>^ 
IF   iLVLI.NE.O)   M  T«  117                     ^S&//'Ofl>ss. 
IF   ILVL9.L0.1C2«!        .3   TO  1A                    ^^vfo^    ^^ 
Lf)T»L«T*lü2*-LVI9                                                      ^^sL ^M 

?07 
PM 
?09 77 
?1C 
911 
?ii 
P13 IVLJ.LVI?*!                                                                             ^^^^ 
?1* ON  JCc   In«LVL34l02« 
916 CALL  CNvHT(lbTK(I5l*M4«NC) 
91« IF   |KSET|NRtKC««I.LT.«l     JKKTaJKNT^l 
917 M CAMINUF 
?ia OH  TO   If 
919 117 Db  20   IfaltLVLl 
»»0 n   (IST«||H>-\VI   20(119«2ii 
?»1 119 I!;TK(LVL9I>NV m ltfL2>LVI9-l 
923 r     LVL9   IS *N IWEN S»"»T • 
92« ISTKCIHIalSTKCLvLlI 
99b IRTKlLVIllaO 
92fc - IVL1«LVI.1>1 
927 QH   TO   191 
92« 20 CflNTlNUE 
929 121 G»  TO   (9«««*«11«I«LINE 
930 2 IF   (NN-lt   «*«t3 
931 3 NMlaMi-l 
932 NC1*KC 
933 LINL*2 
93« 09 ra 77 
935 • IF   (KC-121   it€»t, 
93« 5 SHlmhh 
937 NClaNC*1 
93« IIKLai 
939 fih  TO  77 
9*0 6 IF   (KOI)   11«*11«47 
MI 7 NNlaNK 
9*2 MfitafcCM 
90 I IKEa* 
9«« Of)   TO   77 
9«& C    HAvr  HULLILR (JUT  «LI.  Or  AAD NfeiHS  SF   l^h.NC»   ^NO PLACED TMpM 
9«* c AT   bblTHM OF   STAC« 
9*7 on  TO  11« 
9«« 16 CHNTINU» 
9«9 ISTHlLOTIalSTHILOT)*! 
9SC NI.OTkaM HTS»l 

• 
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Ml 
?62 3? 
?53 33 
?5* 
MS 
?8* 
?57 an 
MS 30» 
?59 
?*0 
Phi 
i>42 
?63 
?** 301 
?*& 
m 
?67 
MS 
M9 
»70 
?71 
?72 303 
?73 
?74 
»75 
P76 
277 30* 
97S 
?79 
MC 
Ml 
MS 
M3 Ml 
M« 
2S5 305 
M6 306 
M7 31C 
MS 109 
M9 312 
29C 57 
291 19 
292 
293 r 
294 r 
295 
296 
297 
29« 
299 
30Ü c 

PLtlT6»NmTS 
CbKTlKUE 
if   IlSLEOtGTtCI   (id  Tit  30S 
0(1  311  J*l«1024 
iniSTCJtaO 
tHAX(.j)«a 

ISCLDalSEkD^l 
OH 301 Jal«10c* 
IF <iäTMiJi*iJ*ni   an TO sei 
IRIST«J)«IDISTt.l)*TSTM{J) 
MAXaJ 
CSMlNUf 
IKAX(hAKt*iMAX(M*XU1 
I»  (isEFntLT*20o>   nn TS JOS 

KHL'^aU 

DO   303  JBl*102* 
KSbn«KSIiM«IDl!iTIJ) 
KMUMaKROH^IMAXC.I) 
DH  30«   J*l«102* 
IF   (luISTCJt.tU.ö)     Q9   TS  30* 
ST^naFLeATdCISTIJIt/FLBAKKSbhl 
hlMlTL(lflM*306)   .i<   STFM 
CHKT^UF 
WhITt I10A«309| 
OH   307  J«1#1C«* 
IF   (lnAX(Jl.Li2*ni   QR TB  3<i7 
STtM»  fLRATllMAXCJn/FLOATIKRUMI 
UNITE   M0N«31ü>   J*   STEM 
CHNTINUE 

CeKTlNUF 
FHhllAT   MM  «HHriUMP SUE.#I*.SX.10HFHE0UENCV.«F7.S» 
FBi-IAT   tin   tUHCLUMP  SUE«« I*»SX»13HFHE0.   AS  HAXa*F7*5l 
FAMriATIlHOI 
FfRMAT C1MJ#SX»5MTIMF«*16) 
CALL  ttNßgrfdltJJI 
RFTURN 
FND 

SlibHbUTINL   RACKUfKI 
CHMneN/7/NSET(32.32«12)»PAMAMMO#lü»»jRATEno»#TFIxno)#»TRIS(S># 

1 «RITE«   JKUN«   KniiNTCtO)«   ISEEOt   TMSM*   KBDN,   N8SEC(U»»   PrSEC(l6)« 
2 NKAr»n(12S>*   IRAsO«   HRA^O«   KRANJ 

INTLbER  ATRIB«   TNOUt  TFIN 
|J«<)   IS   AN   INITIALLY  RAO  NrtOf 
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101 
302 
■•03 
10« 
10b 
106 
107 
10ü 
109 
.11C 
111 
112 
113 
11* 
lib 
116 
.117 
11« 
.119 
.120 
121 
122 
123 
32« 
32^ 
326 
327 
.12* 
329 
13C 
131 
132 
333 
13* 
33b 
336 
.137 
13« 
139 
.1*0 
341 
HI 
Ml 
1*4 
3*b 
1«6 
147 
1«fc 
149 
ISC 

KSklCifK^lal 
klU   UfL'ATF   KH  «I   HAD  NjOES   IN   KFCTsH«   AND  PfT  hAO   IN RFCTHK 

NSLLTa^i>:T(J«««1l 
^biCiNSKCT I aNhKrC INSECT)«1 
(•SlC«NbfiFC INSECT) 
PfStC(N?FCT)«KSFr/A«.0 
ÜI1   10   I.<*.1? 
It«l 
M^sNbl'TlJjKilI) 
If   <Mt.fa»0)      KFTUR\ 
C«LL CNVi4T(HL«ji<fti»»jru> 

KChL'-CPL 
lU     KKt.TIN.He*«NCtlL«4l«NSFT(NK:*k*NrnL*4)*1 

9 M TuKS 
ING 

Sllt-RbbTtNE   ALTER(J.<(\C90k) 
ALTtK  UPDATES  Mtdi   9F   (J/<»»   WHICH  nAS  JUST  CHAMiLO  STATf 
THIS  CUwIf Sr>BKOb   TH   THF   *tJR*   PF     FINÜ      IN  THF   NON-RANOBM  GfiAPH 

rtth.^N/;/\SET(3?«J/',l?)#PAK*M(10#ll/).jKATE(10»<TFIX(10).ATWlB(8)* 
1   «KITE*   JtUK*   KAilNT(lÜ)«   ISfEO,   T'XBW*   NßlA»   NHStCdft)»   Pf.i£C(16> 
iNTtütK   ATRIb«   TN3*,   TFIN,   ALT 

N.CKL»« 
Ort   10   \mt,\? 
If«l 
MF«NStT(M-<Bw«NCn| «Ml 
IF   «ht,K.»C)     RFTUDN 
CALL  CNVHTcMEfJJMewtJo.BL) 

.ICKL'wJCrtL 
*T«Id(l)»VSET(j«BX.jrsL#l» 
ATKl«>(?).VSfcT<JHH»,JCSL«2) 
ATkIb(4)a\SFT(JMHW«jrsL«4) 
jTIMLsATMIbd) 

ATRIB(4la*Ti»fH(»U1 
ATR16<4l»ATK|e(»l-1 

.iKLHB«ATMlH|4)«1 
IF   (KCUCF   «EC*   0» 
IF   (NCbf.F   .EUt   II 
Kf,tho»ATrttft(4l*l 
jStü'n'ATNlBI^UjNFHR 
KSLo«b»AT"Ifi<?»*K\FHB 
«•«INT (<Slir> I aKdUNT IKSUBI *l 
KhONT (JMlfl I »K^UNT (jSUb I •! 
ALAP.tlsPA^AMIKJUrfiJRUNl 
CALL   LH».MJ|HNUMJ 
AI.TBT\6h-INTI«LAMC«Al!*G(HMjMI>Q.SI 
ATKIbdlaALT 
Rf»   T»   h 
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351 4 
»2 5 
353 
35* 7 
35b 6 
35« 
357 
3511 
359 
360 
3*1 K 
362 8 
363 
36« C 
365 c 
366 
367 
36« 
369 
37C 
371 lu 
37e 
373 
37« 
376 
376 
377 
3/« 
379 
3ftC lb 
3111 
3112 213 
3*3 
36« t 
36S C 
386 
387 
38« 
389 
39C 
391 
iSt 
393 
39« « 
396 r. 
396 
397 
39* 
399 t 
«oc 

ATNIRCDBAUT 

ATHIR(1)«ALT 

tF(ATKlHCl)-ALT) b«6*7 
T> (NCftr>-.Nt»ATHIb(?)) 
Qtl   tb   6 
IF (KC»r>:«Lo*ATHib(?n 

NSLT(uHn««JCbL«l»«ATRIB(l) 
NKiT(oKnN*JCeL*«l>*TRlB(«> 
tr (jMHi.Mj.ATHtann   so TO IO 
CALL  hMfWt(JKrtW.JCOL) 
CALL  (lRnrf<ljKntt(JCflL> 
CtiNTlNU» 
RKTORN 

SUbhbLTtNfc   K«OVF   (JR»««   JCÖI ) .„...., 
r.«»'neN/7/iMStT(3#».3?.12)*RARAHm»lO)«J»«ATE(10).TFIM<10)»*T'<JB«8>« 

1  KHlTt*   JtUN»   K«u^T(10»#   ISFEC«   TNbw.   NBDS.   N8SEC(16)#   PrulCdi) 
INTLCJLN  ATRIB«   iNtM,   TF|N 
Of»   1Ü  *•!#« 
ATKlb(<)a   NSETI.lRöWfJCBL«*) 
IStCKaATRIblb) 
T!;LCC«ATi4tH(6) 
|HhLK»ATRtb(7l 
TPKEL^ATXlbCM) 
U    HPNM   »fft«   9999)   00   Trt   15 
NnEKlHKKh^lRftr.bJ^tsOCR 
■<isf TdpsF-** tpfir.ei.tsocc 
IF   (ISUM   »Fu.   7777»     Go   t9  2b 
Ksn(isijr.oisocr.7>«iPKEi* 
Nsn(isirw»iSocr.*i).T(;REC 
RkTohN 
f SD 

fHrr.BN/7/^SF'Tt3?.3?«12)#PARAf1(in.lO>».JfiATt(10>*TFIN(lr.)#AT-<IB(8)# 
1   *Knt#   JttUN*   KHtlNTduJ»   ISFEO,   TNBW,   KHONi   Nf*SEC(t6).   PrsEC(l6> 

OTLbLR  «TR|b«   TNSkt«   TFiN«   SUf.R.   aWCC 
N»«Tk>l 
N(*TC*1 
jRttiBO 

IF   (^S^Tt^tXT^»^FATC.7)   «^t   aqgij)      fii   T«  H 
TFST   AdoVf   FAIL»   IF   «VFXT-^tXTC)    IS   MftT   THC   HFAO   BF   THf    LIS.T 

^»»NbtTtMtXTxfSFXTC»/) 
\tXTt'NSET tNf XTH.NF <TC#8) 
\KXTK»\f X 

SFF    IF   ell!   PHFtKCFQ'jrtH   IS  Hr AO  IF   LIST 
fi*'   TS   * 
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401 b TALL   ».HfcVMKexTQ.SMTC)              /A ^/^v^ 
|TLST.|SIT8N(«)                              *s25»/ ^"Cej^v^ 
irilTLST.\t*6)   HH  T» f,9i              ^^<2''/*li/roZ>^ 
tH»f«tfrrt«iiui                          ^^5co  ^^ 
!M iTtST.tQ.O)     HtTURS                                        ^^^ÄÄ 

«02 
«03 
«0« b97 . 
«OS 
«06 r.h   TO   <r><l7                                                                                 ^^^0 
«07 UM CMNTI^Uf 
«Oil TMJ»»»«TkIi»(l ) 
«09 n  (TM)« »dt« TrrM.iRüN)) sr- TH I/ 

«10 SUCK«ATfcl»l5) ' 
«11 KljCC*AT»|-i(6l 
«IS J'ilTt'jKITt + l 
«la K^ITt.O 
«i« IF   (dklTE   »LT.   JÄATFUKUNI)   äH   TB   7 
♦ib f       IF  *D0vt   TEST   la MFT,   WtLL NbT  PRINT  HpSULTS  AT   THIS ItvfKT  TIME 
«16 JM|Tt>0 
«i; Rt(tf|,«t 
«i« f       hill   FH1NT   KESU-TS  *T   THIS kVfNT    "»^t 
«19 7 CALL  t.VKTS(NLXTHfW|TC) 
«?C NF«IK"SIJC^ 
«21 KKXTC«SLCC 
«22 OP   TO   « 
«23 17 KHITEal 
•2« WKlTt   tlOM.Pl» 
425 21 FhhMAT   (1H0«S2X*?6M««  FlN*L  RFPAHT   FALLBHä   ••> 
«26 TALL   tmS   (KtxTH.^FKTC» 
«27 R^-TuRK 
«2« FNL 
«29 C 
«3C C 
«31 SUbRbuTHE  OATAN 
«32 rfrMtlN/7/>«StT|3?,3/',l2»*PARAM(lo#lC>tjRATtll(i)«THNjlc «ATXIBIS)« 
«33 t   KhITE«   JkUK«   KAUNTllU)«   ISFEU.   T%t>W«   NPDN*   NBSECIlA)« PrsEC<l6)« 
«3« ?        NhAND(12M)«   1 RAND«   MRANDJ   «RANJ 
«3S OIMENSIM     MAfJA«).   gA0(2ul 
«36 iMTEUt«  ATRIb.   TNOw,   TUN.   PAO 
«37 RF*L  LAMHÜA,   ML' 
«3« I»    (   whLN   «NE«   11     01»  T« ?9 
«39 R(AD   (Ifib.Sn  KHTTF 
«•0 31 FfthMAT   Ml) 
•♦1 IF   (KNITE)   32«3?*33 
«•2 3* Oft  IS J.l#10 
««3 READ   lins«21l     1 AMODA.   NUJ   N 
««« taHlTL   (10««10)     1 AMHOA«   NU«   N 
««S IF   (LAIHOA-Hü)     A.7.A 
««6 (> UMlTi   (10f«9) 
««7 9 FBHMAT   (SOHOERRBR-  LAMBDA MUST RE  GREATER THAN AR EQUAL   Tu  MU» 
««a •MbMM 
««9 RFTuNN 
«sc 7 PaN 
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«bl 
<&S 
•b3 « 
«54 tl 
♦5b 
«5« 
«57 
«5« 
»59 ly 
«60 10 
«61 
«6c 21 
«6i 
«6« 33 
«65 3« 
466 3t> 
467 J6 
46« 2? 
469 
470 23 
471 
472 
473 « 
474 3 
475 
476 5 
477 29 
47« 
«79 29 
480 C 
481 
«82 
483 3« 
484 
485 
486 hi 
487 
48« 
489 
490 
491 3ii 
«92 
493 
494 
495 C 
496 
«97 
«9« 
«99 
soc 

MAWAM«1»JI»P/MU /V*^ 
GH   T»   11 /ÄB^OV^ 
P*«AM«l,J)«1t0/ll AMBIOA-MU» 
PAKAHCA.jlaltC/MU 
OFLTA^Hli/h.O 
CM   19   I.i^.S '^^^K   0fo 
Ml^ML-OK-TA vW 
PAhAr(I»J»«l»t/<l AMdOA-MÜ» 
PAKAM(I«S«J)«1*0/KU 
Ff-KMAT   MnOLAMBßAa«F7*««5A«:*HMU>«t' 7*4«5X« 

1 22HSI/i  BF  QULUEIMQ MAeHuTbl 
FtthMAT   («>(F7*C>flb) 
G1   TO   36 
00   3«   1«1«10 
Wl-AQ   (10S«3S)    «PAHAM(J#n*J»l»10» 
FbHMAT(iaF7*0> 
RfAD   (105*2?)   (.|HATF(I)«1»1#10) 
FöKMAT   (1017) 
RFAÜ   (in5«23l   (TFlMlf)«Ial«10) 
FHNHAT   (1017) 
OR   4   u»1»10 
hRITt   (10««3>     J*   .IRATE(J).   TFTN(J) 
MRlTt   (10««5)      (PAHAH(I«J)«ral«10) 
F(»KKAT   (1H0«7HNUN  Kö.#I2#l0X*l?H«tP8HT   RATF««17«10X* 

1      l?hFIMSH  TIHFa/17) 
FnknAT (1H «11HPA'«AMETEMS*«10(F7*2«SX)) 
RFAO (105.25) NfB\ 
KRlTfc.*« 
FHhMAT   (I«) 

MRN   IS  Ne  JF   IMTIAI LV  BAD N«OFS 
NnLKaKinN 
RfAD (105*38) ISFtO 
FftKMAT(ll) 
bRITt   (10d«?6)   .|RUN,   NlBN*   fSEFO*   JHATE(JRUN)«   TFlN(j4(jNi* 

1 LRANn*MRAND*KRAKO*MANO(l) 
Ftthr.AT   (lHl«22X«l3HRAND8ri GRAPH * 

1 7HRUN  NB**I?«10X*27HNn*   (IF   INITIALLV   «AO   N.9CES«* 
2 |4«10X*12HFlK')  f)PrTäNa*Il/lH0*4X*lPHREPPRT  RATE«* |7*10X* 
3 l?HFIMbH  T|HEa«17*l0X«13»<RAN0Sn  SEFDSa«4( (9* IX) > 
WNlTt   (10i<*30)   (PAHAM(l«JRUh)*t8l*10) 
FfrhrAT   (lrt0«9tiPARAM(l>a,r7.?410X,<)HPARAHI2)a(F7»2«10X«9HPARAM(3)a* 

1     F7*e*10k«9hPARAM(4ta*F7*2*10X*9HHARAHI5)a«F7>2/lHO«9HPAhAr(6)a« 
?     F7*c:«10X«9HpARAH(7)a«F7t2*lCX*9HpAHAM(8)a«F7*2«10X«9HpAKAr'(9)a« 
3     t7*2«10X*lCHPAHAM(lUla«F7t2) 

MILL   Nbfc   SET   SECTION  MRS  ANU FESFT  BTHfR  ELEMENTS  8F  NSfT 
LNaO 
OH   1«  ML.i*?5.8 
HL7BML*7 
Db   1«   I.U25«» 
l7aU7 
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•iül 
Mr 
■103 
40* 
•iCs 
S06 
SO/ 
hO* 
50V 
sin 
Ml 
bl2 
SU 
Sl« 
K15 
516 
S17 
M» 
519 
S?C 
521 
522 
523 
52* 
52b 
526 
527 
52« 
529 
53C 
531 
532 
533 
53* 
535 
536 
537 
53« 
539 
5*C 
5*1 
5*2 
5*3 
5** 
5*5 
5*6 
5*7 
5*« 
5*9 
55C 

l .»LMl 
r     LIM AiiLL 'if rut strmN, NS 

Or   li  NI.<IL#ML; 
R«  1*  J«I*I7 
l)(i   13 Kvtff 

1J      N^. T('wJ«<<>aC 

Dit   1*   i-1»*»»» 
1*     NSKT<i>i#.l#.i)«0 

Df-   37   1.1.10 
37     K«tM(n«0 

Df   17   lalflA 
MilÜCt tl*0 

1/    Pr&tLL(l)a3 
(tfAii   (105**7)   lOATA 

*7     FHKMAT   (II) 
IF   (IJATA   •EG«   1)   Gd   TB  94 

C        lOATAal   IF   USIMi   AITFONATC  FtiRM  HF 
IF (KCOK »to. 0)   an Tö ** 
WKlTt (109*53) 

S3  FnhnAT (liU#19k«.ldHLfST 9^ INITIAL BAU '«BDES FBLLSjS) 
Dn *3 Ial(KBDN*10 
RFAO (ir->(*5) «RAC(J),J»1,?0) 

*b FrtKMAT (20(12)) 
hkITE (10ri«5*)  (ö*')( J) »Jal .20) 

b* F»I<MAT(1 Hü* 10(2)4 (*T?«1H*«I?«2H) )) 
Du *3 MaltlO 
JabAC((?»n«l) 
KabADI^aM) 

f.   CAD NBbt IS (J«K) 
|F   (J   •FO*   **>   lift   TB  ** 

C        Ja**   KArtmS  tNC.   dF   LIST  M    INITIAL   BAO  NrtOES 
CALL KACK (J«K) 

*3  r»NllNUF 
**  DB 77 Ha1*32 

OH 77 Nal*32 
J»VNTaNSFT(H*rv*?) 
N^>Eil«aNSFT(M«ni«*) 
JSLdab»JFvNT*.sEHrtO*l 
Al AMbaPAt)AH(JSURtJRUN) 
TALL  OHA^OlKKÜfi 
NSlLl(K*K*l)a>INT(ALAH0«ALBCi(R\UM)«0«5) 

77     KHUNT(JSlJ3)aKeUNT(J«;i)bl«l 
tarilU   (108*6*)    (KSIJNT( I)*Iat«10) 

6»     FnhMAT   (lr40*7MIC^TIl)a*I**2X*7HKNT(2)a•I*f^)(«;HKNTI^)■«I*«2X* 
1  /HKNT(*)a*I*«?)|(7HKNT(S)a«|*«2)|*7HKNT|6)a«i*«?X*7HKNT(7)a«l«f 
?  (tx*7Hi(NT(R)a«I**9X(7HKNT(9)s*I*«2X*MHKNT(10)a«!**?XI 
IF (NSET(1*1*1).NSFT(1*2«1)) 7K*78*79 

7«  NSLT(l«1.ä)al 
Ni;tT(l*l*6)a2 

NPUT BF )NITIALLV RAO KHlfS 
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SSI 
S58 
S53 
bS* 
MM 
S5* 
5b7 
ssa 
S59 
S6C 
561 
SbS 
S63 
S6% 
565 
566 
567 
56« 
569 
57C 
571 
572 
573 
57« 
575 
576 
577 
578 
579 
580 
581 
588 
583 
58« 
58S 
5*6 
587 
588 
589 
590 
591 
592 
593 
594 
595 
596 
597 
598 
599 
60C 

■ 

NSLT(l«1*7)«999<i 
iyiSLT(l*1(H)«9999 
NSET(1«?«5)«7777 
MSlT(l«?<6)a7777 
fcSEr(l«?<7)al 
M»ET(l«?*it)al 
60  TO «3 

79 NSLT(l«l«ä)*7777 
NSET(1«1*6)*7777 /V 
NSEm*1«/)al 
Mittiur**i»i 
NSeT(l«?*ä)*l 
N!;iT(l«?«6)al 
N{iET(l«?«7:a9994 
NSiT(l«?*a)a9999 

83    ML«0 
Oft iO   lat«32 
II«! 
OB MO J«l#3? 
jjaj 

IF   (ML   .LE»   2)   61) TR MO 
*Tftlb(naNSET(I|«JJ«l) 
CALL  dRt)6H(II«uJ) 

80 CRMINUF 
KRITEaO 
RtTühN 

99    MNIU   (lOilflOll 
10t     FnRflAT(1H0/lHC«16X<M'4INiriAL   fiRJü   <M«S  MARK  HAD   N80FS)/1H0/lH0) 

ON   127   Ial«32«2 
RFAO   (ißS»#l?l)   (HAP(J)«Jal«6«) 

121 FBRMAT (6*ID 
TMB hbkS (F  THE GRID CAMPRIME ONF Ll^E BF DATA 

WRITE (10M«12c) |MAP(J)«Jal«32) 
122 FrtKMAT   (1H  »32(ri«lX)> 

BAD MtOLS  ■  8«  üBSO NBOES  •   1 
HRITE<10H*122)   (HAP(J)«J>33«64I 
OH  123 M«l«32 
IF   (MAP(MI   «tO*   1)   OB  TB  193 
J-I 
Kaf 
CALL kACK (J»«) 

12J     CHNTIMUF 
Ott   127   Ma33«6* 
IF IMAPtM» rEQ* 1) an TO 127 
jaUl 
KaK>32 
CALL MACK |J«K) 

127    CrtNTINUF 
GA  TB  «♦ 
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r 
r 

4)   SB   TO   l« 

I   . 

JHf».S PHBMAM  hHEBF  RFQUL*« FflHh  HF   INFl'T  KNOED 
FNC   1 

,  <MTE' JS KB'IKTIIüU   ISFED.   TS«-.  NBON.  NBSEC.l*..  NMCIl 
S   IS   MV'\&U».   tC   MAS  I   WI^S  N«NF   BF   hHlCH   IS  N 

CALL CNwHTIMwMJ.M"» 
3   K*»K 

NMS» H*S^lCCuiRF0'<BF.C*USE BKLY AWAlLAHLE NBOFS A«F AlRf AOV 
iSmitmStu «« ELSE THERE ARE NB AVAILABLE MOFS 

WHlttCin-4i2)   N«   K 
2        F?iRMATtlMO*?MI».I«.?HJ"#U) /J| 

,    Ort  10   IP»9«12 
\    L>KS£T(KK«NC«IF| , 
i    If   (L   t>0«   0!   <>"  TA   1Ü 

CALL  CNVt«T(L#LRfLC> 
tF   (NSETCLR#LC*1»   tLT. 

IC     CBNTIMJF 
ALL   OF   HIS   »BRS  ARF  FU<L 

ÜH  TB  yh 
L   IS  A Kh"  OF   N WM*  H» 

14»     Rl«tl 
19     |BKbLT(KR«i(C**kt 

IF   (I   »ICf  0)  G«  T«  ?7 
IF   (IttOtD     G8   TB   ?7 
CALL   CNVHT   (I* IN* ID 
0«  20 KB»9#12 „     „, 
IF   (l»iStTCIR«IC#«n>   tFO«  D   «B  Tft 27 

2w    CHNTlSUf 
G»  TB 2?> 

27      K*«KX-l 
IF   (Kk   .Gfc.   9>   GH  TB   19 

«6      IF   (*-(K-in   *7»48»i»R        \ 
«7      KSK41 '    I 

GO   TB  ♦•} 

«9     CALLUNVRT(K«KK<KC1 
0«   JO  ^frnttM 
IF   CNSETUR*KC*KM)   .FC   N»     68   TB   *»* 

30     CftNTlNUf 

CAN'^XCHAKGE  BRAkCHElB   IF   AT STATFMENT  ?b 
2b     IF   (NSET(NH»Nr.»3»   IFO»   31   NnS*»NDS**l 

IF   (NStT(LHiLC«3»   .FO«   3)   NDSA»N0*«»»1 
CALL HthHÜ(Kh.Kr.IP.IC) 

61 

EWF.«   THAN  «   NB«   (IF   AT  STATEMENT   1*) 
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Mi MSETUR.iCOai.MSfTd«»«*;*»-! 
ABt NSET<IR,IC#3>.NSFT(«.IC#3)-J 

CALL PL«CUKK«»«C«KHtKC) ', 
CALL FLACE(IH«ICiLR<LC) 

,t 
RtT^ 7b    K«»ia 

A57      76  t«NStT<K*.KC#KX» 
MRIUC10A««) 

♦       fn«MAT«5K0ST7fc) 
IF   II   .FO.  0)  66 TD  71 

Ml CALL CNVRT(l«lft«IC) 
A*2 Ott  77 <r.«9#12 
463 IF   |NSLT(IR«IC*K6I   ttOt   M»)   OB  TB  7» 
M«     «       77    CHKTlWUF 
MS      < CALL RtHHJ<t<R«Kr#I«.IC) 
M6 NSkTIKRfKC*3)«NKET<*R«KC«3Ul , 
M7 KStT<|R.IC#3)«NSFTltR«IC#3)«l 

CALL  PLAClLlfcR*fcC'KR*KCI 
CALL  PLACE   (NH*MC«fR«ICI 

«70 IF   (NSET(NR«NC«3)   .EO«   ♦» , M)S««NUS«*1 
671 GB  TB  7^ 1 
672 78    KX*KX-1 , 
473 TF   (KX   tGE»   9t   3ft   T8  76                                                       « 
67* G0  TB  A4 
675 79    RFTuftfc 
676 f*0 
477   C 
471   C 
479 SUbhbOTIMt REnRO(NR<NC«KR*KCI I 
4S0 Cn««6N/7/NSET«3?.3?«12J 
411 NHlTtdOA«!) 
412 1       FftRnATM3M0RLaNn CALLED) 
4*3 HKlTEdOMtSI  KR*  W. 
4«« b       F«HMAT<4H0N9DE..I2.?X#12) 
4tS bHITilinN«6)     (NSET|NR#NC*I»*I»3»12» 
6M 6       FANnAT(llH0ATMIft3«l2B<10iaX«Ul> 
617 \ h(»ITE(10«#5» AR* KC             j    1 
4M hmTt(10**6>  (KStT(<«»#<C.n»l«3.l2» 
419 N*KR«32*<KC-n 
49C K«KH*32»(i<C-n 
491 C  RCBRC PUTS N AM) K AT THE END BF THE BThER'S LIST BF NBRS 
492 27 NL*NSET(NM«NC«3I 
493 OB TB (N«2«3«A>* NL 
49« 2  IF (NSETCNR.NCMO) «PO* «t QB TB M 
49S KSET(NR*NC«9)aNREr(NR*hC«10l 
696 OB TB S 
497 3  IF (MSETdtRfKCftn «FO« K) SB TB 6 
491 IF (NStT(NR.-»C»10»»"<» 9*10*9 
499 1U NsCT(NR*NC«10>*NsET(NR*NC*lll        \ 
700 6B TB H 
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70t f        NStT(MH,NC#9I.KSFT«\»,NC#lH 
702 dB ra s 
703 ♦        IF   lNStT<N«#NC*t?>   .CQt   Kl   OS   TB  it 
70« IF   INSCTI>iR«NOn)-K>   12«13«1? 
705 13     NStT«WJ«NC.U)»NSLT«NH#MC«l?> 
704 r.H   T0  H 
707 12     |F   «KStT(NR,NCMO)-<J   15*16,15 
701 16     H%lMSHiMCtlOimMilTtHHtNCt\?l 
709 Rn   T8  II 
710 15     NSLTIMt*NC«9l>NS;FT(M)«fcC«12i 
711 •       IF   IK   tCiit   N)  GS  TB  19 
712 K.K 
713 MHaMt 
7U Hr»NC 
719 HHmKH 
71* lnC'KC 
717 GH T» 87 
711 19 NHaHK 
719 IMC-MC 
7>0 «FTüKN 
721 FNC 
722 C 
723 C 
72« SUbRbUTlNi CNvhT|S.tR»W#|C6LI 
725 08 10 I.l,3? 
726 fF (K-32)  5«b»10 
727 10 N.N-32 
72« S IRBit'N 
729 ICbL-I 
73C ftt TUN.N 
731 FND 
732 C 
733 C 
73« SUBMBOTlMi  PLACE(NR«»iC«KR«KCt 

«5 i
C,,|;";r

K'"^S5T'3?«3?,12»«P*l«AHI10#10>«jMTEllOI«TFII«iio»,*TRIBI8»« 
«7 il1'            '   K,,u'MT'llJ,»   I8FC0,   TNflM«   KBON,   NaSECIU)«  PCSECIl«) 

73« LCNC 
739 IRIKR 

7«C IC»KC 
7«! IF   (ILR.Fa.IR)   .ANß,   (LC.EO.IOt     OB  TB  8« 
Hl -,  K «<NSETILR#LC,3).or.«).BR.|N8ET(!»,IC#3J.Of.«») 6B TB ?• 
7«3 27  LEVtL»NRFT(LR#LC.3)*l 
7«« C  LFVFL IS KB BF HRANCHER ♦ 1 
7«5 K.Ifi*32»(IC-l» 
7«6 GN TB M«2«3««).I.EVFL 
7«7 1   KSET(LR,LC«9)«K 
7«B GB TB 19 
7«9 S  »>liETILR*LC«10)«K 
75C GB TB 19 
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Ttt 3       NRtT«L«#LC#n>»« 
751 os re i« 
7S3 ♦       N»CT(LR«LC<lSt*K 
75« It    NI»ET<LH.LC#l»-LeVEI 
755 tr lUi.CO*KR.«M).LC.CO«l(Cl 66 TS 8« 
75* LR'HR 
757 LC-KC 
755 IR«NR 
7S9 «C«NC 
7*o aa T8 «7 
7*1 8* RrTuRN 
742 END 
7*3 C 

2! JliIII2il/J/L2Ttl».3^t2)^*RAN«10#10»*JRATE«lOJ«TriN«10»f*TRIBC*J# 
?t*7 l'SÄ Ä ^iJrirSK iSK  NBON. HftKIMI.  «SECil*. 
YAft NOS*aÜ 
7*« c NO«*»«« ar weoM THAT M»VC ♦ NBRS 
770 08 1 Ial*a2 
771 OB 1 ü*l«32 
77a NSCT(I«J«a)*0 
773 08 1 K*««12 
77« 1   NS£T(I#J»«)»0 
776 Oft 15 NC«1«32 
774 Oft IS NR.1#32 
777 C  NC I» C8L NOf M t» RftM *• 
77i N«t.R*38»«NC-H 

!S C   «li^ll'mti'äli^W «*■ N80C IM^I MAS AT TM,8 TIME 
?!? c  K Jio er iuBROunNE SRETCNJ^.* FOR EVERY N80E CI.J. 
7U S       NREpa*-K<«ET<NM«NC«3l 
753 OB  12 Knal'fcREP 
7A4 *       CALL ORANOCRMJHt III NUh-INTICFLBAT(1023-N0t*l».RNÜMO.B) 
75* C  PtC*  \*  NUH-TM AVAILABLE NBOE IN NBET AhO BEQIN SEARCM 
757 MA«0 
7BS 27 Oft 1« <C.NC#32 
711 Oft 1* KR«\«32                      „. _- . 
.•ü iriiKc.ra.M- ) .AND. («R.to.NR n QB TO I« 
S? C  ABU« ?EST ÄEVEiT; I? m*  PLACINO BRANCH ON ITSELF 
752 IF |N8ETIKR«KC«3>«3)  7«7«1* 
793 7  MAaHA^l 
75« ir IHA-MJM) 1«*««9 
7M 9   08 13  LNa9tl2 

79B 13 CONTINUE 
795 NNRaNR 

NNC-NC 
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.01 
KKC*KC 
CALL PL«CC(NKR«NNC*KKR«KKCI 

C   PLACE UPDATES NSET WITH THE NFH BRANCH 
ROS tF |NSeTINNR«NNC«3t*P0i«l ND8*«N0S**l 
SO« |F !KSET(KKR«KKC«3)tC0««l K06*«N0S**1 
M7      G» ra »? 

1» CHM1MJC 
IF (HA .AT. 1900) GA TO 100 
HA«1*00 

•11 OB TO 27 
•IS   C  ABBVE« fAILED TB ADO A BRANCH. MUST TRY AGAIN AHBKi 'IRST HUH 
•13   C   AVAILABLF NODES 
«1*     U  CBKTINUT 
•If     43 CBNTINUF 
RIB GB TB IB 
•17   C  MUST PERFBRH BRANCH FXCHANOE TF AT STATEMENT 100 
•IS     100 KRITEaN8CT(NR«NC<3l 
St IF |KSET(NR«NC«3I tFO* ♦> GO TB 15 

C CALL ORANDlRNUNt 
•SI J.UT(FL«AT<NURNUM» 

IF IJ -EQ« 0» GB TB 100 
IF IJ »EOt Nl GB TB 100 
OB 101 KaBflS 
IF (NsETlNRfNOKI .FO» J» GB T« 100 

C   l«F.# IF THEY ARE ALRFASY NBRS« TRY AGAIN 
101 CONTINUE 

C  ANY HANGUPS INyBLVF A BR FE-ER NBOES IS IS NB8T LIKELY N6.) 
HRITEllORtSl Kt   J 

S   FBRHAT(1H0«2HN«*UtSHJa«Ut 
CALL XBRAN (N.J.tNCR) 
N0S««N0S**INCR 
IF (K8ET|Nft*NC«3l .FO. ♦> GB TB IB 
IF (KRITE«N8ETINR«NC«3>)   100*1««1* 

16 HRtTE(10H«3Bl 
35 FORMAT(RHONB HBPE) 

•37     IS CBNTINUF 
»WRITE IIOB«371 NORA 

37 FORMAT |IM «SBMNB BF NODES WITH DEGREE ♦.«U» 
NAO     3  00 S I>1«3S 
Ml DB B wal*3S 
•«f IF |NSET(I«J«3t*NE*Al WRITE 110ll# 10» I« J«NSET| I« J«3) 
M3 OB • KaB«lS 

tF(NSETM#J.M.EO»OI  WRITEllOO«10) l«J«K 
•  CBNTINUF 
10 FllNnAT(7H0N00E I*ly«lH««l2«llH| HAS ONLY «ll«SH NBRS) 

•A7     A  RC'UWN 
END 

SYMBBL 
OEF      ISITBN 
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Ml    IIITSN  CALtil C 
m HO»O c 
MS iTCF 3 
•S« CALt«1 I 
«N acsti « 
UM LM«* 13 
•57 LM<13 1«* 
Dg« AM)« 3 «13 
■St B 2«* 
MO CM) 
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Message Transfer Network 

i       c     run» PRSSRAM 
2 CRMnftK  K,   IMtlT.   MULT(6)»   StOHA,   »IQR«   RNU«   NS(4«)*   LS(6«.5)« 
3 1       NC)i(Aö«Z)«  MNC(fcSI#   HFSSU)*   LSH(64>>*   NRANOIIfll«   LRANO« 
« 9       MNANC*   KHASO«   Ntt«.   JRATE«   MDIA««S1«3)«   NCl|0(ft%«4A) 
8 CÖMMlIN   IQt«   132,   103«   NSIOE«   NSO«   I8CEC 
ft RFAO   (ICSfC)   LRAND«   NRANO«   KRAMO«   NRADiOtll 
7 DM 2C   I»?.l?« 
1 20     NRANDlI!aNRANOri-lUP«I 
t 1       RFAD   (10S<2I   Sir.MA,   RNO*   SIGR«   Nt   («ULT (K»#K.l#ftl#   JRATC«   NSIOE* 

10 1 ISEFO 
11 2       FNHMAT   |3F7*0«7I94TS«I2«I1> 
12 NSU.NSIOC»NSIOE 
13 Ott  3   lattft« 
1« NSCIKN 
18 LRhlllan 
1ft taXKOIIlaO 
17 00  *  J«1«ft4 
ta *       HESG(I«JI«0 
19 OB  S  ua1«ä 
20 8      LS«I#o).0 
21 MX(I«1)*0 
22 NFXCl«2)aO 
23 CH ft o"l»t»l 
»Oft ft K»1»3 

ft  NO(I«J«Kl«0 
2ft 3  CRNTINUr 
27 NXNOlftblaO 
22 0« 7 I»1»* 
29 7       HFSSCItaO 
30 NF.X<6b#ll«0 
31 NFX(ftb*?)aO 
32 NBttaO 
33 a       FORMAT   («19) 
3« HKITE (10««10l SIGMA« RNU« RIQR« N« IMbLTIKi«Kal«ft)« JRATE*LRAN0« 
38 1  N8C# ISEEO 
3ft RIGMAal./SISMA 
37 Rlbkai./SIGR 
3« RMÜalc/NMU 
39 CALL GASP 
«0 Git TO 1 
«1 10  FORMAT (INI«   AMSI3MAa«r7(ft«3X«3HMÜa«F7«5*3X«ftH8IQRFa«F7.5«3X« 
«2 1        ?HNa«l2«3X«8HMUl TII)a«ft(I2«?XI«SHRATEa«l8«3X*SHRAN0a«l9* 
«3 2            3X«4HNS0a«l2«3X«SHRREra«lll 
A« STOP 
AS FND 
Aft f 
A7 C 
A« SUBROUTINE   ORANOIRNUM) 
A9 COMMON  Mt   INEXT«  MULT(ft)«   SIGMA«   älQR«   RMU«   NSIftAl«  L6(ftA«5)« 
50 1        NEX(ftS*2>*   NXNOURi«   MESSlA)«   LSHIft«)«   NRAN0(12Ri«   LRA.^O« 



SI 
u 
SI 
s« 
ss 
s* 
S7 
SS 
ss 
so 
Si c 
SI e 
sa 
s« 
SB 
ss 
47 
ss 
ss 
70 
71 10 
71 s 
71 
7* 
78 
7* 
77 c 
7S c 
7t 
so 
St 
si 
si 
S4 
SS 
ss 
S7 
SS 1 
ss 4 
so 
St B 
91 
SS 1 
9« a 
SB 7 
94 10 
97 
9S 11 
99 
100 9 

t       NMANO*  KNANO*  NSW«  JRATC«  NOI44*Bt«l)«  NCS8IS4«Sft) 
CBHHSN   101«   10»«   103*   NSIOC«  NSO 
LSAN0«LRAM>*4S6.^ 
MIAM>«NNAN0*S16S443S 
J«l«lASS(LRAM)l/tS77781S 
RNURt «B«rLBAT(NNANOIJI«LRAND^HSANO)•ttStSleS*C>9 
KRAN0«KRAN0*14f«14049 
NNANOIJUKRAM 
RETURN 
CNO 

SUSRSUTtNC CMVRTIJ. tRSM«ICSL', 
CSmSN K«   INC«T«   MULTtSI«  SIOMA*  SIOR«  RHU«  N8(4«)«  L8I4««5I« 

1       NCX(48«1)«  NMN0(4SI«  NC8SC«I«  LSH(4«»«  NRANDdtSt«  LRANO« 
t       HRANO«  KRANO*  NRW«  JRATC«  N0(4*«B1«1)«  HEBQ(44«S«) 

CSNHON  IQl«   131«   103«   NSIOC«  NSO 
N«J 
OS  10  U1«NSI0C 
IF   (J-NSIOC)     8«B«10 
J«J«N8I0C 
ICBL«J 
IRSN«! 
JaM 
RETURN 
END 

SIJSRSUTINC RSUTC  (tttO£ST«IC) 
CSttHSN N.   INCXT«   HIJLTC4I«  SIOHA«  SI6R«  RHU*  N8(44)«  L8(4«*8)« 

1       NEXUS«!)«   NKNOiMt«  NCSSUt*  LSNU«)«  NRANO(ltS)«   LRANO« 
t       HRANO«  KRANfy*   NRH«   JRATC«   NDl4««8l«l)*  HCB0(S4«4«) 

CAHNBN  IQl«   Ifl«,   IQ3*   N8I0E*  NRQ 
101*0 
CALL CNVRT(I«fR»M«feBLi 
CALL CNVRTIIDEST«JR0H«JC6L> 
IP  IJRStMRSMI   1*3*? 
IF   tlRSM*JR6M*NSI0C/»)   ♦»♦«» 
ICal-NSIDE 
OR  TS 4 
ICa|«NSIOE 
OS  TS 4 
IF   (JR6to«IRSIt*NSI0F/m  B«8«A 
IF   (JCBL-ICBL)   7«S*9 
IF   (1CSL-JCSL-N8IDE/C)   10*10*11 
IC-I-1 
OB  TS 4 
IC»I*1 
OR  TS 4 
IF   (JC6L>ICBL*NRI0F/S)   11«11«10 
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101 • 
102 12 
103 
10« * 
109 
to* 
107 1« 
ioa 
'Of 
110 
in 

IS 

111 
113 
1U 
11B IS 

lit 
c 
c 

Mill  (io««i2) i« mrsT 
rSRHAT (IHltlOX« llHFR<iaR>RauTE«PI3X* 121) 
RETURN 
IF (ic*ar(NSGi tr»tc-NSQ 
ir I:C*LT«I) ic.fc*NiRO 
IF (151) 1S«16«1S 
IGl'IC 
IF IJRSWtCOtlRew) RETURN 
IF (JCOL-ICOLI 3«U.3 
CALL OR«NO (RltUM) 
IF (RNUH.GT.0t5l RFTURM 
■•IC 
IC>I61 
IGlaK 
RETURN 
END 

SUBROUTINE INVEHT 
CBMMON K. INEXT, Mumsi» SIGMA, SIGR. RHUi NS(6«), LS(S««Sl« 

1   NEX(ASt2>« MN0(A5)« HESSUI« LSNIftO* NR«N0(12SI< LR«N0« 
*       MRANO« KRANO. Kf»M. JRATC, N0(*««Sl«3l* NEsG(*««*«I 
cnnnftN IQI« 102, ica, NSIOE« NSO« ISEEO 
IslGl 
K>IQ2 
IF (K.EO.l) lr«t*l 
IF IK.E0.2) IC«I-I 
IF (K.E0.3) ICaUNRIOE 
IF (K.EO.*) ICM-NSIOE 
IF (IC.QT.NSOl IC'IC-NSQ 
IF (IC.LT.l) |Ca|C«N80 

138 IGl-IC 
133 RETURN 
13« ENO 
135   C 
13«   C 
137 KUBROUTINE GASP 
m CBHHON K, INEXT. MULT(6I* SIGMA, SIQR, RMU. NS(6«), LR(6*,5»* 
J"        *   NtXCAg»»»» NXNDIAB)« HESSUI« LSMI60. NRAN0(18SI, LRAND« 
J*?        9       MRAND, KRANO, MW, JRATE, N0(*«,5l,3i. NE8G(*«,6«) 
1*1 CSMMBN 161* IG2, IQ3, NSIOE. NSO 
1*2 INEXT»0 
1*3 OR 5 I«1«NS0 
u«      CALL ORANOIRNUM) 
US N0( 1,51.1 )»-lKT(SIGMA«AL«r,(BNOH»»*l 
i«*      Nfxd.n.NDd.st.n 
1«7 NCX(I.2I«51 
1*8 IQl.I 
1*9 CALL SROERN 
ISO 5  CSNTINUF 
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151 JTIHt.0 
152 t  CALL CVKTS 
153 •  JTIM£.JTIHE*1 
,5« IF (JTlMCtLTtJRATCl 09  T6 10 
155 3  NBDMO 
IS* 05 30 I>1«N8Q 
,57 IF CNS(II«EP'C) NBONaNBON^l 
158 30 CONTINUE 
159 PCT»fLB*T(NBON>/PL«ATCNSO» 
1*0 WRITE dOKfl«) NIIW» NBON« PCT                     ...» 
l»l U FBHHAT (l»40///*X.5HT!HE»»I*f3X#5MNB0N«#ll#aX.*«i»CT-fr5t3//» 
142 IF CNSIOCtEOtg) tMIU(10B«3R) INSlIt«!'!««) 
153 |F (NSI0E«E0f3) MRtTCaOB«33l INSiltfUl«») 
1«« IF (NSIOCtEQ*Al MRITCI108*3*) (N8(11»l»l»l*> 
1*6 |F   (NSieE.EO.f)   WRiTC(108«35)   (NS(11«l»l#25> 
«44 |F   (N8I0E.E0.*»   URITCI10S43*)   (N8(I»#!»i»3*» 
147 if (NSI0C*E0*7> WRITE« 108«37) (NBCD't'l«*«) 
1*S IF jNSIOE«EOt»> HRtTE(10B«3N) »Ntl11*!•!.*•) 
149 32 FBRHAT (2t2(*X*IP)/t) 
170 33 FBRHAT t3l3l*X«t2)/lI 
171 3* FBRHAT l*C*(*X*IRl/lt 
172 35 FBRHAT (5t5(*X*12)/») 
173 3* FBRHAT (*(*(*X«tr)/)) 
17* 37 FBRHAT (7(7(«X*12)/)) 
175 38 FBRHAT l«(8l*X*12)/)) 
174 JTIHE*0 
177 10    CBNTINUE 
178 mST.ISITBMl) 
179 IF (ITEST.NE.l) 06 TB 22 
180 23 ITESTalSITBN(l) 
Igl IF (ITEST.NEtO) OB TB 23 
182 IF (HULTI1)-1> ?**?B*2* 
183 2* OB 26 Ul*5 
18* 2« HULTIHal 
186 66 TB 2A 
18* 25 OB 27 Ial*5 
187 27 HULT(I)>10 
188 28 WRITE 1108*29) HULTI1) 
189 29 FBRHAT (1H0*15X«10HHULTI1>5)■*)*) 
190 22 CBNTINUE 
191 ITESTalSITBNI*) 
192 IF (ITESTiNE**) OB TB 803 
193 RFAO <101**) t 
19« 4  FBRHAT 112) 
195 WRITE (108*7) I 
194 7  FBRHAT |lH0*17MrBNTENT8 BF NBDF «12) 
197 06 800 I1«1*S1 
198 WRITE (108*801) II* N0(I*I1«1) 
199 NZ*N0(I«I1*2) 
200 S LH«*     NZ 
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»01 I       STM««    1LCNTH 
P0» t      Ll«l     2 
»03 •      LB««     Ml«l 
»04 8       STH««    tOfMJ 
»08 8       LI»I t 
»0« 8       1.8« ♦     NZ«1 
»07 8      8TH««    IC 
»08        WRITE (108«80») tLFNTM# I0E8T* IC 
»09 N2«N0ll«ll«8> 
»10 8       LH*#     NZ 
»11 8       8TW#*    I8UCC 
»18 8       Ll#l     1 
»18 8       LH«4     NZ«t 
»1% 8       STW»*    I0UCUF 
»IB        MfilTE (108«f.08l I8UCC« I0UEUC 
»1«     800 CBNTIMJC 
»17     801 PBRNAT tlH0«2X«l»«3ll«l9l 
»18     80» rBRNAT (1H «7X«3I9I 
»19     801 CBNTIMJC 
9»0 ITEST»ISITBK(») 
»tl IP (ITC8TtNE*tl OB TB 11 
?»»     IS ITCSTalBITBNm 
»C3        I» (irr8T*NEtO)  OB TB 18 
»»« RETURN 
»28     11 CBNTINUP 
»»*        ITEBTalSITBNIi) 
»27        IP (ITE8TtNE«i) 08 TB 1 
»»8     8  ITE8T«ISITBNI8) 
»29        IP ClTE8TtNE*C)  SB TB 2 
»30 WRITE (108*80) 
»31        WRITE (108*211 ((MP8a(I«J)«Jal««*)«I*l««0 
»32        RETURN 
»33     20 PBRHAT |1M1«B«X«»2HME88 GEN (BRiaiN«0E8T)} 
»3«     18 PBRHAT (1H1«B*X«»2HLINE BLBCKINO 0I8CARD8) 
»38     21 PBRHAT (   «(3»(lXil3)/t//t 
»3«     1« PBRHAT I    8(l*(3X«IS)/)//l 
237 18 PBRHAT (1M1«R«X*23HNB0AL BLBCKINO DI8CAR08) 
238 END 
»39 C 
2*0 C 
2«! SUBROUTINE EVNTR 
««2 CBNHBN N. INEXT* HtJLTUt« BIRHA« SIOR« RHU« N8(B*)« L8(«*t9>« 
»is        1   NEkURt»)« NKNDCBR)« HC68U)« LSHU«)* NRAM)(128I* LRAND* 
?*«        »  MRANO« KRAM). NRW* JRATE« N0(*«>«Slf3)« HE||(i(«4«**> 
»48 CBHHBN |Q1« 102* IQS« N8I0E« N80 
»** t.lNEXT 
»47 NBWaNCXINl) 
2*8 INExT«NxN0(I) 
»49 NXNOIMaO 
»SO JaNEXtl«»! 

139 

' 



Ml C  THIS IS HE88A0C N« IN OUEUCItl WHICH HAI NEXT CeHPLCTIBN TIMC 
«B>        ir (J*Ca*0) HRITr I1M«999) 
?S3     999 FBUHAT (1H1« THFIWCVNT) 
PS« C  TIE OP LIST 
PS8 NZ*N0lt«J«3) 
PS* 8       tH«*     NI 
PS7 8      STM««    I81JCC 
PSS 8       tl#l     1 
PS9 8      LH«*     Mii 
9*0 8       ST*»*    IQUEUE 
P*l NEX(1«9)«I8UCC 
PSS        N0(I«J«8)«I0UCUE 
983        IE (ISUCCtNEtO)  08 T8 S 
9*4 NEXII«l|aO 
9*8        88 TO 1 
9*«     S  NEX(l«lt«N0II«l8UCC«n 
9*7     1  CONTINUE 
968        IF (JtNE*Sl) 00 TO 19 
9*9        101«I 
970 CALL HE88A0 
971 I82»5i 
972 CALL 0R0C8Q 
973 IE ((NS(n*EQ«0)*eR*(LSH(n.NC*OI> 00 TO 300 
97«        00 TO 8*8 
97S     18 CONTINUE 
97* NZaN0lI«J«2l 
977 8    .  LH#*     HZ 
878 8       8TM«A    ILENTH 
979 S      Ll«l     8 
980 8      LB««     NZ«1 
981 8      STlu«    IDE8T 
989 8      Ll«l     3 
P83 8      LB««     NI«1 
P8« 8      STh««    IC 
P8S C  IC 18 NEXT N80C TO WHICH HESSAOE MUST BE SENT 
P8* C  I0F8T IS ITS FINAL DESTINATION 
987 ICSvIC 
988 IF (iLCNTHtEOtO) OB T8 «00 
P89 C   ILENTHaO MEANS 0EPARTU8E 
990 IF (LSM(It*EQ*J)  LSNIIUO 
991 IF (lOESTtEOd) 00 TO 108 
999 C  NOW WILL SEC IF THIS IS A RETRY 
P93         00 2 K*!*« 
P9«        IF (LS<I«K)*E0*«JI 00 TO 3 
998     9  CONTINUE 
99*        00 TO « 
997 3  IF (N8IICItC0*0t Oft TO 180 
998 C  NS||C|*0 IF NODE IC IS BLOCKED 
999 00 TO 200 
300     «  CALL R0UTE(I«I0F8T«IC) 
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Ml KCH.O 
Mt «      NOtI«J«»)«NOII«J*SUICI«lC 
M3 J2-IC-I 
M* IF ((jZcca* nt»Rfijz«CQ«i*Nic«tni K*! 
MB IF   ((j2tKO.-l».«W.(jf.E0.J  NU-llll  K«2 
so« IF djz.cat NsinE).M.(jz*eOf («NSO^NSIOOH KO 
M7 IF njz«ca««Niinn.M*(JZiEa«( NSO-NSIOOI) KM 
30S        IF (K*l.Ttl*ORtK*or**>  09 TO 117 
MO NDII«J«3i*0 
310 00 TO 19« 
311 197 WHITE (109«1991 K 
912 199 F9RHAT (1H1«7HEIIR0R«X*3X«8MK««ISt 
313        RETURN 
31* 199 CRftiTlNUE 
»18        IF (NtCICItNEtOI 09 T0 7 
3i*      tr (KCH.Ea.n 09 T» 9 
317        IF (KCH«EO*9i 09 T9 7 
319 KCH«1 
319        IC8«IC 
990        IC»!0l 
391        09 T9 * 
328 8  K>1*1 
323 IF (KtOT*N80) K«K>N80 
38*. IF (NS(K)*E0tCt  09 TO 9 
388 17 ICS»IC 
38« tOK 
387 99 T9 « 
388 9  K*I«1 
389 IF (K.LT.l)  K«K*NR0 
330 IF (NS(K)*C0«0l  09 T9 10 
331 09 TO 17 
338 10 K«I*N8I0C 
333 IF (K*0T*N8O) K<K-N90 
33« IF (NOIKitEOtOt  OR TO 11 
338 09 TO 17 
33« 11 MUNSIOE 
337 IF |K*LT«1)  K*K^NS0 
339 IF |N8U)«NE*0) OB T8 17 
339         KCHaS 
3«0        09 T9 17 
3«1 7  CONTINUF 
3«8 IF (L8(l«K)*NE*0i 09 TO 100 
343        IF (N8(tC>*NEtOI OR TO 800 
3«« LS (I«K)a"J 
3*5 ND(1«J«3I*0 
3«« OR TO ISO 
3*7 200 LR (I«KiaJ 
3*9 15  ITinE«N9H«lLENTH«HULT(K) 
3*9 1« NOCl«J*t)*ITIME 
350 810 IF (K*EQ*Si 09 TR 950 

■ 
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Ml DU til JUUH 
Mt ir (Noiie«jt«t)«cg.oi M rs tit 
MI in m.nmt 
M* MM ire (iM«tiat 
Ml tit FMHAT  I1M1«14NC«IM |M (VNTI) 
M* KCTURN 
M7 C      J2  II THC NUNKI IT A FRCC WACE  IN THT OUCUT 
Ml 111 N8  (tCUNKICi-l 
Ma» N0I1C«JI*1)«ITIHC*1 
1*0 NOIlC«Jf«tia»iO(|«J«tl«IC 
Ml NO  ltC«J2«l)*0 

MI 7!IIJcWf,,<le*1, 
M* iat«jz 
Ml CALL tNOCRO 
M4 ir INITMtEOtNCxnC«!)) M Tt t.» 
M? C  RCNtVE IC rttH LINKED LIIT ANtNO NMEI 
Ml tr IINEKT«EOtOt || Tt 111 
Ml If (ICtEOtlNEXT) M Tt 111 
170 NtTtftilNEXT 
171 00 114 nial«M 
171 ir lNITM«Ee*OI It Tt 111 
171 IF (HtTOt.rittCt M Tt 117 
17« NITMlvNITtt 
171 11« NlTttvNXNOlNITtN) 
17« at TI tit 
177 111 lNExT«NXNOII£i 
17« NXNOUClaO 
171 «ti TO It« 
MO 117 NXM}|M|TtRl)aft*NOnCl 
111 NXNOdClaO 
Ml II«  101« IC 
Ml CALL OtOKRN 
M« til CONTINUE 
Ml 110 NZa'40(l«J«E) 
M« 1                 LI«1             1 
M7 t                 LH««             NZ*1 
M« •                  «TU««           NZ 
Ml NO(I«J«»l«NZ 
MO N2«N0(I<J«1I 
Ml 0                 LI«1             1 
Ml 8                 LN««             NZ«t 
Ml S                  STki«A            lOUEUF 
M« NO(I«J«1UIOUEUE 
Ml IQlal 
If« IQtaJ 
107 CALL OROEtO 
M« 100  lOlal 
19« CALL ORDERN 
«00 RETURN 
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1 
«01 
tot 
•03 
«0« 
•OB 
•0* 
•07 
•01 
•09 
•10 
•11 
•II 
•ia 
• !• 
• 15 
•1* 
•17 
• IS 
• 1» 
•to 
•tl 
•tt 
•ta 
*«• 
•85 
•t* 
MI 
•ta 
•29 
•ao 
•31 
«32 
•33 
♦3* 
•35 
•36 
•37 
•3« 
•39 
••0 
••1 
••2 
«•3 
*•• 
••5 
••6 
••7 
••8 
• •9 
•50 

MB CRKTlNUt       I 
IDCSTaNtftSIt) 
iLCNTHaMFtSiat 
NC6G(I«t0fcBTi«NFfl6lf«lDCSr)*l 

C      t*«l*«*B«Ba* 
ITINE«NftM*ILEfcTMftHULT(*) 
OB AB    jXal«N ' 
tr (NO(i«jz«ti«ro*oi OB TB 70 

*•    CBNTlNUr 
HRITl   HOB«711   I 

71    FBÜNAT   (lHl«7HCMBRaA«IX«tai 
BCTUMN 

70    NDIl«JZ«l»aITIMC 
B LH«5 ItCNTH 
B &TN*B , • 
8 LM«5 IOFST 
B L!«l     I        t 
S 8TB«B •«l 
S STh#* NZ 

N0iI«jZ<9l*NZ 
NO II«jr*3)aO 
NS(ItaN8in*l 
LBHIIlaJZ \ 
IBlal 
IQtaJZ 
CALL BRDCBO 
SB  TB  300 

108 K.5 . t 
\   NOII*ü«3laO 

If   ILSIItKItCOtO)   OB TB tOO | 
100 LSHCPaLSd««)     I 

IF   (LSdfKI.LT.OI   LSRCP—LillfK) 
KCO 

10* NZ>N0(I«LSREP«3) 
KC'KC»! 
IF   (KC.r.T.<N/**l».AN0.KtNE»5>   SA TB   110 

8 LI«1 t 
S Lh,« N7.t 
8      \ Sfta«* IQIHTUF 

1    IF   (IbUFIJE*Ee«OI   CS  TB   107 , 
LRREPalQUEUE 
GH   TB   10* | 

107 N0(l«LSRFP«3)iaNniI«IBDEp«3UJ 
NO   (I«wi3)aO \ 

ISO  NO(I«w*ttaO 
SS   TB   30G 

110 KaK^l 
IF   (K.GT.»i   Kai 
tQlal 
lr>2aK 

I 
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1     1    !    ■ 
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«SI CALL INVCRT 
«81 ICS»IC I 
«83 ICalSl 
«8« MDll«j4l*>«NOII«J*fft-tCS«lC 
«88 88 T0 7 
«8« «00 NHAlTalOUCUC 
«87 0e «01 Kai«8                                          \                                                \ 
«88 If   (LS«t«K).EO»J>   6« Td 403                                                           I 
«89 «01 COMTlNUf    \ 
««0 MIU  <10a««02t 
«81 «08 FBRHAT   llHl««MClM0R2t 
«82 RETURN 
«83 «03 N0(I#J#1)«0 
«8« NOII#J*?»«0 
«88 \              NOII«J«3»a0         1 
«88 1%  (IfKlvO 
««7 NSUt'NKIUl 
«81 IF (NSdl.NCl» 08 T8 MO 
«89 ISlHl     \ 
«70 CALL RETRY        <                \ 
«71 440 IF (NMAIT*Kt Ot 80 T« «80           \ 
«72 BB TB 300                         > 
«73 «SO JaNUAIT 
«7« IF (K*E0»8) OB TB «AO 
«78 I*1 (NSIIC)*OT*Ol OB TB «80 

\          «78 LS(l#K».-J         \ 
«77 BB TB 300 
«7i «80 NZ»N0(I«J#2»                         , 
«79   S LH««     HI 
«80   8 STtaf«    ILENTH 
«81 OB TB 200 
«82   ^ EMO  I 
«83   C 
«8«   C 
«88 SUBROUTINE RETRY 
«BB CBMMOK K,   INEXT. MULTIBll« BIOMAt SIQRJ RHU« MSI8«I« LS(6«JS)« 
«B7 1   NE)l(A8«8)« NVNDtAB)« NCSRU)« LSMIA«)« NRAMDI128)« LRAMO« 
«SB 2  HRANDt KRANO* NBW« JRATE» N0(8««8l«3l« HCsOI8««6«i 
«B9 CBHHBN IQI« 168» 103» NSIOE« N8Q« ISCED 

I «90 DIMENSION Jl(«ti Kl(«|« JF<*I. KF(«) 
«91 I•101 
«92 OB 10 Lalf« 
«93 \   JF'DO 
«9« I KF(L>«0 
«98 J1<L)»C 
«9« 10 K1CLI-0 
«97 J»I-l 
«90 IF (JtEQ*0) JaKBQ    \ 
«99 I Kal 
BOO I M*0                          \ 
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501 HfaO 
tot ir (tiu«K)*6E*oi an re i 
503 H.l 
SO« JUH)»J 
SOB K1IM)*K 
SO* ts»i 
S07 OS TO SO 
SOI     I J*l*l 
so« tr  ij*co*(N8e*in J«I 
510 K*> 
Btl If ILS(J«Ki*K*0) 08 TO t 
sit n«n«i 
sia JI<H)*J 
SI« K1IH)*K 
SIB IS» 
SI* SB TO SO 
S17     I JaUMlOE 
SIS IP CJ.LT.l»  J.J*NSQ 
Bl» KO 
SBO ir CLSUfKUOEtflt OR TO 3 
511 Mat1*l 
SCI J1(rO«J 
523 K1(HI*K 
SM IS'3 
BBS OS TO 20 
52*     3 jaNhSIOC 
527 IF (J.ÖT.NBO» JaJ«NSO 
S2B K»* 
529 IP (L8(J«tO.OE.O» GO TO • 
530 HaM^l 
531 JllHlaJ 
832 KtlH)aK 
S33 18a« 
83« BO TO 20 
SIB     « IP (H.Eo.O) RCTUBN 
81* CALL ORANOcBNUHi 
837 IP (HPtOTtOI 00 TO S 
SIS MS«INT(HNUM.PLOAT(«»»♦! 
839 JaJllMat 
8«0 KaKl(M3t 

CALL DRANO(R»iUn) 
SIGRlalilaO/PLBATtM) 
00 TO * 

B M3a|NT(RNUH«PL0AriHP)i«l 
K.laJP<H3) 

BaRffmi 
5»7 CALL 0RAN0(?MUh) 
«SlGRlaSIOR/PLOATCHPl 

* |RETRVa.|NT(8lORl«ALOG(RNÜH)l«l«NBI» 
SSO H»»-LS(J««) 
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551 
SS* 
ssa 
ss« 
sss 
55* 
557 
SSI 
SS9 
5*0 
5*1 
5*2 
5*3 

NMVC*NDIJ«N««tt 
N0<J«M««1>«IRCTRV 
IF (NSAVCtCO.CJ 00 TR 21i 
Nl»N0«J«M»#3J 

LH««     MI 
STta«*    ID8UC 
Ll«l     1 

'*•#• IST 

5*S 
5** 
5*7 
5*1 
S*9 
570 
S71 
S7I 
873 
«7* 
578 
87* 
877 
871 
879 
sao 
stt 
8*2 
813 
88* 
886 
88* 
8*7 
SSi 
889 
890 
891 
892 
893 
89* 
S9S 
89« 
S97 
891 
899 
*00 

I 
s 

s 
s 
s 

8 

21* 

219 

220 
221 

217 

IF (KkX<J»?I.EO.O)  89 T8 219 
IF iM».EOtNCX(J.?»>  OB TB »19 
N8TBBaNCX(J<2l 
06 21« H1*1«N 
IF (HSTBRtEQtO)  66 TB 218 
IF (NSTBfitCOtH*)  Q8 'B 2*7 
N8TB8l«H8TBR 
N2*K0(J«N8TBR*3> 

LH«*     N2 
STta#*    H8TBR 

CBNTINUC 
86 TB 211 
NexiJ<2laIDSUC 
IF (lOSUC.EO.O»  06 T6 220 
NCX(J<llaNDIJ«|08UC«ll 
06 TB 2?1 
NEX(J«1)«0 
N0IJ«n««3laI0T 
06 TB 218 
K2*ND(JfHSTBRl«3l 

LI«1     1 
LH«*     Mil 
LM«5     HSUC 
8THf8    4 
STta««    N2 

N0|J«H8T6Rl«3)aN7 
NDIJ«n««3)«I0T 
MCXaNLXIJfl) 
I01>J 
IG2«H* 
CALL SROERO 
IF (MEX.Fa.NEX(J#in  OB TB 230 
IF (JtEOtlNEXT)  OB TB 719 
IF llNEXTtEOtC)  06 TB 719 
HSTBR«IKEXT 
06 71« M1*1«*S 
IF (HSTeRiEOtO)  06 T6 71H 
IF (MST8R.E0.J)  06 TS 717 
H8TBR1«H8TBR 

71* HfiTBRaNXNDlNSTBRI 
06 TB 716 
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401 719  IMCXTalMNOIJi 
«01 NXfcO(J)aO 
*03 SB  TO  71• 
«0« 717 NXKD(H8TBK1>*NXN0(JI 
*0B MXKOCJlaO 
40* 718   IblaJ 
407 CALL SROCRN 
401 «30 CSkTIMJC 
409 RFTURN 
410 (0     IT«*LS(J«KI 
411 ir ii8ero«£Q*c) oa ra II«>«I«*I«IS 
412 NZaNOUtlTtSI 
413 8       Ll«l     8 
41« 8       LB« 4     MZ«1 
419 8       STh«4    JOfST 
414 IF (IDCST*eo*ti 80 Tft 21 
417      aa ra (i<2«3«*)« is 
418 81     HPmUFtl 
419 JFinFiaj 
420 KF<nf)aK 
421 OB  TO   (l«2«3««ti   IS 
422 END 
423 r 
424 C 
475 RUBMUTINE 0RDEH0 
424 CaHHBN K,   INEXTt HULTI4i« SIQKA« SIGRJ RHU« N8(44l« L8l4*i5l« 
427 1   NEX(4II«2)« MXNOUH)« HCSSUt« LSHI44)* NRANDdSMt« LRANO« 
428 2  HRAN0« KRANO« Naw« JRATE« MD(44«S1«3I« I1ESG(4««4%I 
429 CBMHBN IQ1« 102« 163« NBIOE« N8Q 
430 laid 
431 Jal02 
432 If IM>II«J«1)«EO«OI RETURN 
433 N2*ND(I«J«3I 
43« 8       Ll«l     1 
439 8       LH««     N2.1 
434 8      STM*4    lourur 
437 H8TaR«NEX(l«2) 
438 IF (M8TaR«E0*0t OB TB 12 
439 IF <N0(l«M8TaR«l)*OF*N0CI«J«in OB TB 1« 
4«0         DB 9 nal«51 
4«1 IF iMSTBRiEOtC) OB TB 11 
4«2 IF (M)(t«nSTaR«1i«GE*ND(l«J«in OB TB 10 
4«3 HBTBRlaHSTBR 
44« N|aK0II«HSTaR«3t 
4«8 8       LH««     NZ 
4«4 8       STM««    HSTBR 
4«7     9  CBNTINUE 
448 hRITE (10ll«21) 
4«9     21  FORMAT (lHl«12HFRRflR>SR0ERQt 
ABO ttHlTE (10a«100t l«J«NEXII«2l 
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Ml o« ill Mr«i# 11 
«•* wftin IIOI«IOII Nr«NOii«Nr«i) 
«•a Nz*NOii«Nr«ri 
*•* I LM#| Ml 
Ml 1 ITIMH tiff 
*M 1 LI«1 1 
4S7 1 LI« I Dial 
Ml 1 8TW#Ä IOC 
«If 1 LUi a 
MO 1 Ll«l MM 
Ml 1 ITU*» ICC 
Ml MITE no««ioai ILP« IOC« ICC 
Ml NZ»NO(l«Nr«l) 
Mft 1 tN«| NX 
Ml 1 ITU«! III 
M« 1 Ll«l 1 
M7 1 LH«| N|«l 
Ml 1 ITU«! IBQ 
Ml 101 MITC  (10l«104)  til« IOQ 
470 100 FRNNAT iix«i(ia«axn 
*71 101 MlHAT   (ftK*ll*ax«l9l 
«71 los reiNAT (iox< aiiitixn 
«71 10* rsRHAT   |10X«tlI3«fXI) 
«7« ICTURN 
«71 11 NKX(l«llaNOll«J«ti 
«7« NCXII«|t>J 
«77 NO(i«j«aMieucur 
«71 RCTURN 
«71 11 NO(i«j«ai*ieucuE 
MO M TO  IB 
Ml 10 CINTINUC 
«II 1 UM« 4 teurur 
Ml 1 LM«I NITBl 
M« 1 |TH«I 4 
MB 1 lTtl«4 NX 
«M NO<l«J«at*N] 
«17 11 NZ"NO(l«HlTMl«at 
«II 1 Ll«l 1 
«II 1 tH«4 MX«1 
«10 1 LU«I J 
«11 1 ITH«I 4 
«11 1 ITI»«4 NX 
«11 NO«I«HIT««li at «NZ 

«14 IKTUlN 
«M 14 NrX|l«llaNOll«J*n 
«•« Nrxii«ci«j 
«17 I LH«4 loucur 
«M I Llt«l HITM 
499 1 •TH«8 4 
700 1 ITh«4 NX 
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701 M>(i«.j«ai*Kr 
702 MTuR* 
703 (NO 
70*         C 
709 C 
70« gUBRBUTINE flROERN 
707 CSHMBN  K,   INCXT«  MliLT(6i«   StOMA«   lüIQR«   RHU«   N!t(6«>*  LS(6«*S)# 
701 1       KiX(tS«2l(  N«ND(AS)#   MCSS(O)«   LSM(6*I*   NRAMOIlSIt*  LRAMO« 
709 9       MRANB»  KRANDt  NSW«   JRAUi   N0(M*51*3I*   ME8G(6*«4*) 
710 CftftNO*   lOlt   102«   103*   NSIDE«   KSO 
711 t>IUl 
712 tr   lhEX(t«l)«EOtO)  RETURN 
713 MST8R»lNrxT 
71« IF (INEnT.EO.C) OB TR 12 
71S IF (NEX(HSTaR»l».GF.NEX(Ifi)» R8 TO 1* 
71* OR 9 Mal*65 
717 IF (HSTBH.EO.O) GO TO 11 
711 IF (NEX(MSTSR«ll«Gr*NEX(I«in 00 TO 10 
719 NSTORlaMSTOR 
720 9  HflTBRaNXNOIMSTBR) 
721 WHITE (10H«?1) 
722 21  FBRMAT IIHIJISHERRAR-BROERNI 
723 RFTURK 
72*     12  INEXT.IGI 
729 NXKOtllaO 
72* RETURN 
727     11  NXKOIMSTSRIKIGI 
721 NXNOCDsO 
729 RFTURN 
730 10 NXNUIMSTMRDalGl 
731 NkNOdlaMSTBR 
732 RETURN 
733 1*  INEXT-Ifit 
73« NxNOdisMSTBR 
739 RKTURN 
73* FNO 
737   r 
73B   C 
739 SUBRBUTINE  MESSAG 
7«0 CBMIiBN K,   (NEXT«  MULT(6I«   SIGMA*   StGR*   RHU*   NS(*«i«  LS<*«*9)« 
7«1 1        NEX(AS«2)«   NXNOl«S>t   MESS««).   LSM(*«)«   NRANDCl2«t(   LRANO« 
7«2 9       nRANOt   KRAND.   NHW*   JRATE«   ND(A«*Sl«3l«   HESGf*««*«) 
7«3 CftMHBN   161«   132.   I(i3.   NSIOE.   NSO 
7«« UIG1 
7«9 CALL ORANDIRNUH) 
7*6 NDII«9l(1l'^Bw-INT(SIGnA«ALBQIRNUI1))4l 
7«7 |F ((NS«I>«tO.O).BR.(LSH<t»«NC.O)»  RETURN 
7«S      1   CALL ORANOIRNUM) 
7«9 .|aINT(RKUM*FLBAT(NSQn«l 
7SC IF U.EO.J)  GB TB 1 
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751 t CALL URANLIRKUHt 
752 ILl.NTMa.tNTlRHU«ALMaiRNUHn*l 
753 HE88(2laJ 
75« HFSSOJ-ILEMH 
755 RETURN 
75« tm 
757 SVHBBL 
7SS DCF I8IT8N 
759 I9ITBN       CAL>«1 0 
740 RD*0 0 
7*1 8TCF i 
7*» CAL2«1 i 
7*3 SC8#S * 
7** Lti«4 13 
7*5 LIM13 1«* 
n* AND« 3 »tu ■ 

7*7 
7*^ U 8«* 
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D.  Summary of Relevant Queueing Pgawufig 

In the main body of this work we consider M/M/k queueing systems, 

i.e., stochastic service systems which experience Markovian arrivals and 

in which customers depart after receiving an amount of service time that 

is exponentially distributed and is given by one of k servers. If 

there are n custcmers presently in the system, then a customer will 

arrive in the next instant of time At with probability X At + 0{At) 

and a customer will depart in the next instant of time with probability 

V^At + O'At). 

The stationary probability of finding n customers in the systan 

is related to PQ = P [enpty system] in the following way: 

n-j. A. 

i+1 

which is valid for all n ^ 0 if we define |1 ■ 1. Then p0 is 

found from the fact that if this is to be a valid probability distribu- 

tion 

Z pn = i 
n=0 n 

If   X   = A   and   VL =: M   for all   n, then 

"^ X .      ,X,n ^■«•oJs-W 
therefore 

p   = (1 - p) p   for p < 1        where P = ^j 

is called the "utilization factor" 
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p = 1 - Bj = P[systan is busy] 

For an infinite server system every custoner has his cun server. 

We take A = \,  u ■ ny, then 

therefore 

and 

0 .D W  X  _p0^n 

pn " TTT- y 

p = 1 - pn = 1 - e^ '0 

A busy period in a gueueing system begins when a customer arrives 

to an enpty system. The busy period continues as long as there is at 

lease one customer in the system, and the busy period ends the first time 

that a customer departs leaving behind him an enpty system. For the 

M/H/l system with X = A, ^n = ^ the pccbabiüty density of the length 

t of a busy period is 

p(t) = i/t/p e"(a + ^ IjUb^ay) 

where again   p » —   and   I, (x)    is the modified Bessel function of the 

first kind, of order one [19].   The average length of the busy period is 

simply 

yd - P) 

For an excellent treatment of queueing theory the reader is direc- 

ted to the book by Cox and Smith [7]. 
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