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Information Flow in Large Cemmunication Nets
Proposal for a Ph,D, Thesis

Leonard Kleinvock

I. Statement of the Droblem:

The purpose of this thesis is to investigate the problems
associated with information flow in large communication nets, These

problems appear to have wide ap?libation, and yat, little serious

research has been conducted in this field. The nets under consideration

~consist of nodes, comuected to each ether by links. The nodes receive,
sort, store, and transmit messages that enter and leave wia the links.
The links consist of one-way chanmels, with fixed capacities“ Among the
typical v SEems which fit this description ave tne Post Office System,
teleg*aph systems, and satellite communication systems.

A number of interesting and importaat questions can be asked
about this system, ond it is the purpose of this research to investigate
the cnswers to some of these qnestlonsq A partial list ofl such ques-
tions might be as follows:

(1) what is the probability density distribution for the

total time lapse beitween the initiation and reception of a

wmegsage between any two nodes? In particulaw, what is the

expected value of this distribution? )

2) Cau one discuss the effective chamael capacity betwzen

any two nodes?

(3) 1Is it possible to predict the transient behavior and

vecovery time of the net under sudden changes in tha

traffic statistics?

{4) How large should the storvage capacity'be at each node?

{3) In vhat way does one arrive at a routing doctrine for

incoming messages in different nets? In fact, can one state

some bounds on the optimum performance of the nef, independ-’

ent of the routing doctrine {under some constraint on the

set of allowable doctrines)?




{6) Under what conditions does the net jam up, i.e.,
present zn excessive delay in transmitting messages through
the net? The solution to this pvoo1em will dictate the

entent o vhxca the capaci tv of each link can be used (i, Guy
the vatio of rate to chammel capacity, which is commonly

known as the utilization factor).

£7) What are the efifccis of such things as addxtxonallxntra-

node delays, and pri o*:ty maessages’?

One other variable in the system is the wmount of information thut'each..
node has chout the state of the systen (i.e., hou long the gueues ave
in each other node), Tt is clear that these srve eritlcal quaostions which

need ansuwers, and it is the intent of this rebearcn Lo answey some of

In attempting the solution of seme of these problems, it may

well he tﬁat the srudy of a speeific system or hpplicatfon will expose

the bms1s:_qbﬁa nde&btaﬂdzha of the problem. It {5 anticipated that
such a study, as well as a simulation of the system on a digital computer,

will be undextaken in the course of this research,

ty Theory Lo problems of telephone
craffinz represents the earliest area of investigation related to the
preso commumleation network problem. The fivst work in this direciion
dates back to 1957 snd 1908 hea E, Johannsen {1}1’2 published two

'3, the ouze dealing with delays.tc incoming calls in a manual tele-
phone exchange, and the other beoing én inﬁestigatien 28 o how often sub-
seribers with gne ov mowe lines are vemortad "busy," I uas

We Johaansen wiho encouraged &, X. Brlang to inve stigaie problems of this
pature, Hriang, an eagineer with the Conenhagen talephone exchange,

wade o number of major contributions to ihe theory of telephone traffic,
all of which are tvanslated and reporied in {1]; his fizst paper {on the
Poigsonion distribuiion of incgoiag *allsﬁ appoczed in 31900 and the Tapey

coataining the vesults of his main worlk was punlishad in 1017, da which
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he co1sidefed the effect of f]uctuations of service dnmaﬁds on the util-
ization of the automatic equipment: in the telephone exchange.

A few other workers made some go1tributions in this direction
around this time, and a good account of the existing theories up to
1920 is given by 0'Dell [2,3]; his principal mk“on-'guiaing appeared

im 1927, Molina[4d,5] was among the writers of that time, many of whomn
were cencerned mainly with attempts at proving or diSprov&ng Eriang s
formulas, as well as to modify these formulas. '

The theory of stochastzc processea was develoged after Erlang's
work. In fact it was Erlang who first introduced the Covcept of statis-
tical equilibrium, and calle& attention ta the study of distributions
of holding times and of incoming calls, Much of modern queuning theory
is devoted to the extension of these basic principles with the help of
more wecent mathematical tools, '

In 1928 T.C. Fry [6} pab11shcd his book (whlch has since
become a classic text) in which he offered a fine aurvey of congestion
problems, He was the firxst to unify all paevlous;works-up to that time.
Another prominent writer of that pe:iod ﬁas C;}2a1m_£7,8], who was the .
first to use generating functions, iﬁ'étadying'fhé'formulas of_Eriang
and 0'Dell. ﬁis'ﬂorks appeared in 1937;i938;-'nurihg this time, a
large number of specific cases were investigated, using the theories
already developed, in particulas lost ecall probleﬁs, Both Fry and
Palm formulated equations {now recognized as the Birth and Death
equations) which provide the foundation for the modern theory of conges-
tion, o : e

In 1939, Feller (01 iatvoduced the concept of the Elrth and
Death process, and ushered in the modern theory of congesti.ono His
application was in physics and biology, but it uas:clear that the sama
process characterized many medels useful in'telephone traffic problems.
Nlumerous applications of these equations were made by Palm {10] in |
1943 In 1948, Jensen (see [1]) also usédgthis-yrbéésa, without men-~

tioning its name, for the elurida“ion'of Frlang'k-work; Kosten [111],

in 1949, studied the pvobabiilty of loss by mecans of generalized Birth
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and Death equations. Waiting line and trunking problems were explained
Ey Feller [12] in his widely used book on prob&&ility,-makiﬂg use of
the theory of stochastic processes, At arourd 1935, the problems of
waiting lines and trunking problems in telephone systems were taken up
more by mathematicians than by telephona engineers,

In 1950, C.E. Shannon {13} considered tﬁe rroblem of storage
reguirements in telephone éxchanges, and concluded that a bound can be
placed on the size of such storvage, by eséimating the amount of inform#—
tion used in making the required'connections. In 1951, F, Riovdan {17}
investigated a new method of approach'suitable Eor'general stochastic
processes, R. Syski [15], in 1960, published a fine book in which he
presented a cwmmany of the theory of coagestion and stochastic proces-
ses in telephone systcams, and also cast some of the more advanced mathe-
matical’descriptians in comnmon engiﬁeeriﬁg'termsu

In the eatby 1930's, it became obvious that wany of the results
obtained in the field of telephony were applicable in much more general
sitvations, aand so started investigations intc waiting lines of many
kinds, waich has developad into modern Queuing Thecfy;'itself a branch
of Cperations Research. A great deal of effort has been spent cn single
node facilities, i.e., a system in which "customers" enter, joia a queue,

ventually obtain "service" and upon completion of this service, leave
the sysiem, P.M. Morse [16] presents a fine introducticn to such faci-
lities in which he deflnes terms, indicates applications, and outlines
some of the analytic aspects of the theory. P. Burke [17], in 1956,
showed that for indepeadent inter-arrival times (i,e., Poisson érrival),
and ewponentiai distribution of service times, the inter*&eéarture times would
also be independent (Poisson). In 1959, F. Foster [18] presented a
duaiity prineciple in which he shows that reversing the roles of inpui
{azrivals) and output {service compleiions) for a system will define a
dual system very much like the original system, In contrast to the
abvundant supply of papers‘on single node facilities, relatively few

vorks have been published on mulii-node facilities (which is the area of

interest to this thesis). Awong those papers which have been presented
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is one by G.C. Hunt [13] in which he considers sequential arrays of
waiting lines. IHe presents a table which'gives*tﬁe moximum utilization
factor {ratio of average arrival rate to maxiwmum service rate) for which
steady state probabilities of queue length exist, under various allow«_ .
abal queue lengths between various numbers of seqLcntLal service facili- -
ties. J.R. Jacksoa {20], in 1957, prlished a paper in which he inve3t£~ 'g
gated networhs of waiting lines, His netvork comsisted of a number of
service facilities into which customers entered both from external sources
as well as after having completed serviqe in another facility. Ha proves
a theorem which staved roughly, says that a stéadj'ﬁtate distributien for
the system state exists, as long as the effective utilization factor for
cach facility is less than one, and in fact this distribution takes on a
form identical to the solution for the ‘single node case.3 In 1960,

R. Prosser IZl] offered an approximate analvsis of a random routing
ptocedure in a ccmmunzcation net in which be snows that _euch procedures
are highly znefxicxent but extremely stable {i. e., they degrade grace-
fully undex partial failuze of the network).

The two important characteristics of the éommunicatioﬁ nets that
form the subject of this thesis are {1) the number of nodes in the sys-
tem is lavge, and {2) each node is'capable of storing messages while they
walt fox transmission channels to become available. As has been poinﬁed
out, Quevicg Theery has directed most of its effort so far, toward
single node facilities with. sbtor cage. There‘haé béen, in addition, a
considorable iavestigaticn into wmulti-node nets, with no storage capa-
bilitics, mainly under the titie of Linear ?vog'amming {which is really
a study of linear inequalitics and convex sats)., This latter vesearch
wonsiders, in effect, steady state flow iﬂ'iarge connected nets, and
1as yielded some interesting vesulis, One 9ro$12m_which_has-attracted
a lot of attenticn is the shortest route problem {also known as the
travelling salesman problem). M. Pollack and ¥, Wiebenson [22] have

prasented a review of the many solutions to this problem, among which

3J&ckéon's work is discussed in detail in Section v,
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ave Dantzig's Simplex Meihod, Minty's labeliing nethod, and the
¥oore-D'Esopo merhod, W, JSewell [23] has also considered this problem
in some greater generality, and, by u3ing the struckture of the networlk
and the principle of flow conservation, has'exte1dea an-algofithm dee
to Fozd and Fulkersen in ovder to aolve a varied group of f£low problems
in an efficient momaer. R. Chien [2&} ‘has 3iven a systematic method
for the realization of minimum capacity comunicasion nets from their
requived terminal capacity requirements {again consides cing only unets
with no stovage capabilities); a different so1utzon to the same problen
has been chtained by Comory and iy (251, In 1956, P. Elies,

Ao Feinstein, and C.E. Shamnon [26] shoved that the maximum rate of
flow through a netuO?h, betuween any to tefniuals, ig ¢he winimum value
among all simple cut-sets, &lbo, in 1936, Z. Prxhar [27] presented an
arttcle in mﬁlcn he crnlcred the topoiochal pxo;art;es Of communica-
tion.nets, for e,anplea bhe shoved matris netuods foh finding the num-
ber of ways to fravel between two nodes in a specifxc nunber of stepa.

In 1959, P.A.P. Moran [28] wrote a monograph en the theeory of
storage. The beol describes the basle probability preoblems that arise
in the theory of sterage, paying particular attenzién to problems of
iaventory, queuing, and dam storage. .It tepreeents.one of the few
werks pertalnxng to a system of stowvage facilities,

The results from Information Theory [29] alse have relaticn to
the cemmunication met problem cunaideréd'heré. Masf'of the work there
hos dealt with cemmunication beéweeﬂ*twe-painthéﬁrather than communica-
tion within a network. TIn particular, one of the vesulie says that
there is a trade-off bLetween messzge delay and prohabil ty of erzor in
the transaitted m ws3nge. Thus if delays are of ne censequence, trens-
wigsion wich an arbitrarily low probability of esror can be achiaved,
However, it is not obvious as yat, what effect such gdditienal intra-
node delays would have iz a lavge nekwork of cdmmunication centers; it
seems that some manimun additicnal dfiay ts, and if so, this would

restrict the use of ceding methods, 3nd pagbaps put a non-zers lewer

bound en the srror prebability.




I11. Discussion of Proposed Procedure“

Tbe problems associated with a mulii-terminal conmun;cat;on net,

as posed in the first section, appear to be tco dlff;ault for analeLs, |

in an exact mathematical form. That is to say, the calculation oE the
joint distribuiion of traffic flow through a lax rge (or even smail} _

network is extremely difficult, BEven for netwoirks in which no-fee@thk
1s present, the mathemotics is unwmanageable; and for those with faédback,
it seens hopeless to attempt an emact solution, The question, then, is
to what degree, and in what fashion can we simplify this problem?

Since it is the complicated intercommections that cause most of
the trouble, one wnuld'like te isolate each node, and perferm an indi-
vidual anulysis on it, under some boundary constraints, The nede could
then be reprcsanted b; the vesults o¢ such an apalysis. In particular,

e node rep:esentatio1 weald be suf ficiently complete,

by the” usehof pe haas tvo numbers, these nvwhers beiug tne mean and
variance of the traffic handled by the nodes. Thus, instead of having to
derive the complicated joint distribution of the craffic in the network,
- one may be able to'make a fairly aceurate characterization by specifying
two {or at most a few) parameters,

This approach is not ccmplately naive and Uithout justification.
Consider the limear programming techniques [21-26] mentioned in the
second gection ef tchis prswmealo The problems handled by such tech-
nigues have a grect deal in common with the ccmmanzcataon problem at
nand. Their problem is that of selving networks in which the commodity

{ea.g., vater, peeple, infovmation) £lows steadily. A typical problem

would be that of £inding the get ¢f solutions (commouly referred to as
feasible fvilutiens) which would suppert o given traffic £low in a net-
work. A solutien would cousist of specifying the él@w capacity for each
1ink between 2ll pains of nodes, In general, a,latge number of solu-
tions exizt, ond a lot of effort hans bsen spent in minimizing the

total capacity used for sueh o problem. One obvieus requivement is that

the average traffic eacarihg any node must be less than the total capac-
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ity leaving the node, Notice that the important statistic here is

the average traffic £low, and if the flow 4is steady, then we have a |

deterministic problem, Now, in what way does this problen differ fron
the problem considered in this propesal? Clearly, the difference is

that ve do not have a steady flow of traffic, Réther, our traffic comes
in spurasg according to seme probability distribution, Consequently, we
must be prepaved ko wvaste scme of our channel dapanity, ie@,, the chan-
nel will sometimes be idle. A good measure of hew non-steady our traf-
fic is, g the varience of the traffic, That is, for zevrs variance, we
ave reducad to the special case Sbove,‘nsmelyg steady flew, As the vari-
anes goes up, we can say less ond less about the arrival‘time, and the
traffic beoomes considerably more wanden in time, Thus, it is reascuchie
to ennect that the guo impérﬁaut naramefers which characterize cur traf-

fic ave the mean and vaszianse of ihe flow. Notice that o mecesgary, bhub

v

2learly vot sufficlent conditicn Sor a feasilble solution to ouw problen
ig that the average traffic entering the node must be less than the toial

capacity of channels leaving the node. In 1951, ¥andall [30] showed for

iz

single node with Polssen inter-arvivel tises (2t a rate N per seeg), =n

[

afinite gllawable quevs, awd an arbitroery secvice discriburion (with
vean 1/u and voriance v), that the expected waiting time in the system,
B(z) w=ns

: ' 2
20 = (/e *+ iy

this elaarly shous a linesy dependense on the varicnee,

-

Refovence hag alveady buen wade to J.B, Jacksen [20)1, The
asgunptions that he made In Lis acelysis of aetvorks of waiting lines was
that the awriving traffic at each node lLad a Poissen distribution, that

the service time was enponaeatlally distributed, and that infinite gueues

at ecch node were allowed. With these assumpiions, he was able e derive

the distribution of traffic at 221 the nedes, It is important toe anelyze

ssumpiion effectively

=

2

216 assumptions cavefully, The Poisson
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characterized the traffic with tuo parameters. This same assumption
aleo effectively decoupled the nodes f*nm each other, His regults state
that if the mean traffic satisfiern the necessa:y condition stated in the
previous paragraph, then the resultant traffic can be characterized by a
tvo pargmeter description,

The question of queuing aiscxpline is an interesting one, and
one wiich causes some d*ffxcultles¢ That is, the node must decide on a
metinod for cheosing some ‘member in the queue to be segved next., An
interesting simplication tothis guestion, and peLbaps a key to the solu-
tion of the network problen may be obtained as follows, Consider that
class of queue disciplines vaich require that a channel facility never

vemain idle, as long as the quene is non-empty (clearly this is a reason-~
able congeraint), low, adonting a macroscopic viewneint, (i.e., remov-
ing all labels £rom the members in che queue), whar can ke said about

the mean and variasnce of the waiting time distribution for this class of
queue digeiplines? It seems that some reagonably tight bounds night
axist for this distribution, independent of the ﬁar&icular disgcipline
ugad, Perbaps seome cther restriction on the class of aiscipiines will be
required in order to obtain meaningful resulis, Hewavvao under such a
get of regtrictions, if we can characterize the queue sufficiently well,
we may then be placed in a position to obtain some overall behavier for
the metwork. All of the queuing problems solved to dete, have considered
2 particular queus discipline (the microgcoplic viewpoint), and eo the
results have been specialized to an extremely lerge depgrée, Adepting

the macrescopic vfe:paint feems to be a natvral step, and it is the
intention of this vesearch e investigate this avenue,

There appear to be a2 mumber of conflicting interests in a netwerk
of this type, The things o be considerved are: storage capaclty at
each nede; channel canadity at each node; and mesgage delay. There

2xists o trading relationshis am ong these quantities, and it is neces-
Sary to attach some quantitetive measures to this trade, In fact, if

one wishes to generalize cne step further, one cen consider a multi-

terminal communicaticen syséem, in waich the signale cre perrurbed by
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noise in the system. Information tnecry tells us hon to combnt this
diskurbance, and the solution introduces aaaltlonal delays in nesgsage
sransmission and reception, Hhat.eftect-tneae addiiional delays will
have on the system is not clear;'iﬁ-fact~it hécé&ES*diEfiCult'to state
just what the cverall capacity is fov such a vieuatian._ Qnestions such
as these are extremely lmnortant, and deser?e attention. S

Froo the statements in tnis section, it is clear tnaﬁ an

appreximate analysis is all that can easily be obtained for che network
under consideration. HOpefully, the approximate aaswers will be reason-
ably useful, One ‘way to check the utilizatien of the results is simu-
lation, Xt is fully erected tnat, in the coufse of this research, a
simulataed nat of this type will be programmed onvanahef the loecal digital
computers, The author has acemss o the L?ncnln.laberatory TX-2

'computer* as wall as the IBM 709, This simulation study should serve as

o useful ‘check onéthe results and pew hapa,.ﬁill also sexve as a guide

Cinto the resea;cn,




