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PREFACE
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(School of Electrical Engineering), and State Univers it y of New York at Buf f a lo
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uate School (Department of Electrical Engineering) also partici pate in the
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(ESD) , Air Force Avionics Laboratory (AFAL), Foreign Technology Division (FTD),
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Further information about the RADC Post—Doctoral Program can be obtained

from Jacob Scherer , RADC/RBC , Gr i f f i s s AFB , NY , 13441 , telephone AV 587—2543 ,
C~~M~~ (315) 3 30— 2 5 4 3 .

i i



LIST OF F1CURES

Fig. 1 : Organization and Reorganization Examp le Page 28

Fig. 2 : Flow Chart for the Random Network Data Base Generator Page 3

Fig. 3 : Flow Chart for the Random Network Data Base Lister Page 313

Fig. 4 : Sample Networks Listed from the Data Base Page 39

Fig. 5 : Averaged Organization Iterations for Simulators Page 43
Al to B5

Fig. 6 : Averaged Reorganization Iterations for Simulators Page 41~
Al to B5

Fig. 7 : Flow Chart for the Decision Rule Simulator Program Page 45

Fig. 8 : Averaged Iterations for Initial Organization Page 4h

Fig. 9 Averaged Iterations for Reorganization Page 47

Fig. 10 : Standard Test Network Configura t ion Page 50

i i i



TABLE OF CONTENTS

Chapter 1 : Introduction Page 1

Chapt~~’ 2 : Description of Synchronization Techniques Page 6
Under Consideration

2:1: Master—Slave Method Page 6

2:2: Discrete—Control Correction Page 6

2:3: Independent Clocks Page 7

2:4: Time—Reference Distribution Method Page 7

Ch aptor 3 : Criteria for the Comparison of Synchronization Page 9
Techniques

Chapter 4 : Interpretation of the Comparative Study Page IY

Chapter 5 : Rules for Path Selection in Time Reference Page 22
Distribution

Chapter 6 : Proof of Network Organization Under the Page 29
Selecti on and Decision Rules

Chapt er 7 : Random Test Network Generator Page ~6

Chapter 8 : Simulations of Path Selection Rules Page 4’)

Chapter 9 : Network Test Models for Evaluating Page ~8
Synchroniza tion

Chapter 10 : Conclusions Page 51

References  Page ~~

B ibl iography Page S~

Appendix : Compu ter Program Page h (

Append ix : Standard Test Network Page 6~

iv



CHAPTER 1.

N I RODU CT± ON

NctwIl rk timing and synchronization are becoming ever more important in

the field of communications. In particular , the switching and multiplex ing

of di gital communications channels depends heavily on the abilit y of a networl’

to maintain synchronization . For example , time division switching requires

that the switch and the incoming channels have a common time reference. Evon

where t ime division switching is not used , such as , for example , in a space

division switch , various di gital data streams must be multip lexed t o g e t h e r  to

form data streams which effectively utilize the avai1ab~ e bandwidth of the

communications links . The processes of switching and multiplexing are used to

create networks . Networking is currently the only cost effective means for

providing digital or even analog communications on a large scale [1 ,2,3,4,5 ] .

Digital transmission techn iques have many advantages over analog trans-

mission . The error rate in digital systems is extremely low compared to ;mnlog

systems and can be improved considerably by coding and error recovery methods.

Furthermore , digital techniques provide for the read y implementation of crYp-

tographic and other security techni ques such as di gitized ~cc~Jr e voice.

The advantages of digital transmission techniques have lustified the con-

version of large scale communications networks from analog to digital mode of

operation . Of course , one cannot simply change instantaneously from one sys-

tem to another. This places considerable restrictions on the synchronization

technique used since the digital and analog parts of the network must inter-

opera te dur ing the many transi t ion phases from an analog to a totally dig i t l i

ne twork.
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In  d e s i g n i n g  a d i g i t a l  c o m m u n i c i t  i o n s  sy s t e m , a d e f i n i t e  -.et ot fundarnen—

t:i l p e r f o r m a n c e  goals  or o b j e c t  iV t 5 n l u st  h& ~ est ti 1 j5I I’d . Pertorm ul~ c r i t  n i

f o r  v a r i o u s  a l t  er n a t  i ve  ap p r o a c h e s  can t h e n  h 1 e v a l ua t e d  in  l i g h t  of such f i n —

d a m e n t a l  r e q u i r e m en t s .  For t h e  f u t u r e  ih f e n S e  C l 7 r m r n l n i c l t i o n s  System , tie

f o l l o w i n g  f o u r  r e q u i r e m e n t s  appear  to  he t i l l  most  c r u c i a l  to  a s u c c e s s f ul

sy s t e m  design :

1. To endure , i . e . ,  t o  m a i n t a i n  a c c e p t a b l e  o p e r a t i o n  even in the  even t  of

perturbations such as partial physical destruction , component failur Fo~,

en e~rv spoof ing and/or jamming,

2 .  To i n t e r oj ~e r a t e , i.e., to  c o m m u n i c a t e  w i t h  o t h e r  n e t w o r k s  w h i c h  may he

u s i n g  d i f f e r e n t  o p e r a t i n g  t e c h n i ques ,

3. To be m o n i t o r a b l e , i . e . ,  to  p e r m i t  c o n ve n i e n t  a c q u i s i t i o n  of i n f o r m a t ion

pertinent to the evaluation , con trol , protection , maintenance , repair

and modification of the system ,

4. To be economical,  i . e .  , to maximize the capabilities of 1, 2 and 3 above

wh ile minimizing the total procurement , operation , main tenance  r e p a i r  and

modification costs.

In t }iis report , four synchronization techni ques (Discrete—Control Correc-

tion , Master Slave , Independent Clocks , and Time Reference Distribution ) are

evaluated with respect to this set of overall system objectives. In fact .

th is set of system objectives or goals are indeed very general and could be

app lied to almost any system with only sligh t changes in the wording.

Hence , the optimal communications system should endure, inter~p~~ ate , be

monitorable, and be economical.

This report presents the results of an initial investi gat ion into the

advantag es and disadvantages of existing timing and synchronization techniques

2



as th ey app ly to dig ital communication networks. Basically, four fundamental

techniques w e r e  c o n s i d e r e d .  These are : m a s t e r — s l a v e , d i s c r e t e — c o n t r o l — c o r -

r ec t ion , independent  clocks , and t i m e  d i s s e m i n a t i o n . The mas te r—slave  tech-

nique l I S t S 1 fixed or selectable network structure to propagate timing infor-

mation . Discrete—control—correction is a discrete time analog of frequency

averaging wherein each node tracks a wei ghted average of the frequencies

arriving over Its communications links . Independent clocks is the mode of

operation wherein each node of the network uses its own independent but pre-

cise clock. Finall~’ , time dissemination , or more properl , precise t i : , t  and

t i m e  interval (PTTI) dissemination , is a technique which passes time throughout

a network by starting at some master node and removing the time delays down

through a hierarchical structure to provide Precise Time and Time Interval at

the subord ina te nodes . To be e f f e c t ive, this method should automatically

select the best clock in the network as the master and also select the best

path for transmission of the timing information . Th so four techniques are

described in more detail in Chapter 2.

The techni que of pulse stuffing was not considered in this work since it

was felt that this method was more appropriate for link synchronization rather

than to the performance of the overall network. This opinion , from a network

viewpoi nt , is not likely to change due to the large communications overhead

which is necessary to maintain network synchronization when several levels of

mul t iplexing and switching are considered .

Since these techniques represent widely different modes of operation , it

is essential to select criter ia for comparing their performance which can be

app lied to each of these methods. Chapter 3 presents the criteria selected

for th is study. A description of each criterion and the justification for

3



i t s  s el e c t i o n  a re  a lso  p r e s e n t e d .  l h t ~~e c r 1  t t r  i i  ai then used A l l  t i. corn—

p a r i t  ly e  s tu dy  of C h a p t e r  ~~ . The comparison it si l t i s  based m o r e  on 1 u al  i t a —

ive rat le r t h a n  qu i n t  i t - i t ive i n f o r m a t i o n . S i n c e  th e  systems arc so di ffer . ii t

it is ilmo~ t impossible for m an y  of these c r i t e r i a  to be compared  qua  t i t a t  i c —

ly . However , it is f~~it that the qualitative comparison is sufficient to jus—

tifv the selection of an appropriate direction to be followed in defining the

best synchronization techn iques for future dig ital communications systcvc- .

The t er m i n o l o gy  used in C h a p t e r s  3 iu d  L~ to ~on n.i re I~ perfor mance of

t h e  d i f f e r e n t  t e c h n i ques was v e ry  c a r e f u l l y  d e f i n e d  in  an e f f o r t  to p r e v e n t

any m i s u n d e r s t a n d i n g  or m i s i n t e r p r e t a t i o n  of the  r e s u l t s  p r e s e nt e d .  T h e r e f o r e ,

one should be very careful in reading t h i s  m a t e r i a l  s ince careless i n t e r p r e t a -

t ion  of the phrases (which mi ght have different meanings in the trade jargon)

could indeed considerably change the interpretation and implications of these

results.

A considerable amoun t of effort in this study was spent on bringing each

of the techni ques up to the level where they could be equitably comparei. This

is particularly true for the time dissemination technique . In order for this

technique to be as effective as possible , the master node and the path of time

dissemination should be automatically selected on a dynamic basis. Althou gh

existing techniques would prov ide this type of selection when starting f rom i

fixed set of initial conditions , these techni ques would not select the appro-

priate parameters when certain perturbations occur in the given network. Pre-

vious rules for path and master node selection were modified to form a new set

of rules wh ich can be used to dynamically select the appropriate network time

dissemination structure under all operating conditions. This new set of rules

is presented in Chapter 5. A proof that these rules will always select t h e

4



11 j ropr iate s t r uc t u re  is given in Chapter 6. This part icular set of rules may

not be t h e  he~~t t ron an operationa l viewpo int; however , i t  does positively es-

tablish the & X I S t t I I I I  ot -i techni que for selecting the best route for dissemi-

nating precise time .

In o r d e t  to evaluate the performance of d i t f e r e n t ru les  fo r  d i s s e m i n a t i n g

p r e c i s e  t i m e , :i set of random test networks was generated. A descri ption of

this set 01 networks and the computer program which generated them is presented

in Chapter 7. Furthermore , Chapte r 8 describes the simulation results of these

test networks for the techn i que described in Chapter 5 as well as for some

alternative rules which were considered.

Chapter 9 is a preliminary descri p t ion of a general  tes t ne twork wh ic h

could eventually be used to evaluate the different synchronization techniques.

This network represents an attempt to include network substructures which

typically cause synchronization problems . Furthermore , it tries to represent

the d istribution of nodal clocks and communications links found in a realistic

network .

Finally , the direction this work has provided is interpreted in Chapter 10.

Also included in this chapter are recommendations for future work which should

be pursued in determining the character and structure of the synchronization

t e - ’l i n i que best suited to future di gital communications networks.

5



CHAPTER 2 .

DESCRIPTION OF SYNCHRON I ZATION TECHN~~~~~J~~DER_CONS I DE RA TIO N

This chapter gives a brief descri pt ion of the di :ferent techniques of

synchronization that are being considered.

1 . Master—Slave_Method (11 ,121

In th is method , all the nodes of the network are ‘slaved ’ in their timing

to the reference timing from a designated master node. Each node receives the

reference timing either on a direct link from the master node or over a pre-

d e t e r m i n e d  c h a i n  of links along which the reference timing is re—transmitted

by the intermediate nodes. Thus , there is a hierarchy of nodes descending

f r o m  the master node. Each node slaves itself to a fixed neighbor higher in

the h ierarchy and thus all the nodes are , in e f fec t , slaved to the master node .

A node slaves itself to the reference timing as received without attempting to

correct for the time of propagation from the sending node.

I n case a node loses it s reference timing due to fa il ure of a link , pro-

vision can be made for the node to switch to a pre—assigned alternative link

or to operate as an independent clock until the link is restored . Given

cl ocks o f h igh prec ision at the nodes , the network should be able to operate

-in this manner for long periods without buffer overflow or depletion .

2. Discrete—Control Correction [6,7,8j

In this method , the clocks of the network are brought into synchronism

by mak ing periodic corrections to their frequencies. The correction to each

clock is proportional to the change in the levels of the buffers at that node

from the previous correction . The constant of proportionality is called the

correct ion—gain for that node. It has been shown that so long as the correc—

6



t i o n — g a i n  at each node remains within a sped tied r i n g . , the netw erk atta l f l S

synchronism. The frequency of synchronism is a wei ghted average f the

initial frequencies of t h e  clocks , the we ighting depending on the correction—

gains used by the clocks . Thus , this is a method of discrete frequency—aver-

ag ing. It has been shown that in the event of failure of a part of the net-

work , synchronism is automatically achieved in the remaining subnetwork or

subne tworks.

3. Independent Clocks 111 ,12]

In this method , the nodes use clocks of h igh precision and stabilit y , such

as a tomic clocks . Th e c locks opera te ind epende nt ly of one an other and no

attempt is made to correct the slight discrepancies that might exist among

them . Hence , this is not a method of synchronization but rather a method of

asynchronous operation . The effects of clock discrepancies as well as delay

variations in the medium are absorbed in elastic buffers at each node. Owing

to the high precision and stability of the clocks, the nodes can opera te f or

long periods despi te a slight asynchronism before the buffers have to be reset

to prevent their overflowing.

4. Time—Referenc e Distribution Method [9 ,101

In this method , each clock of the network Is assi gned a un ique  rank

according to i ts q uali ty and each l ink of the ne twork is assigned a f igure of

demerit according to its characteristics. Each node exchanges information on

tim ing,  clock—rank and path demerit with each of the nodes directly linked

with it. Applying a set of rules to the information received , a node selects

it self  or one of i ts ne ighb ors as an “immediate reference”. The results are

so desi gned that in normal operation , each node is using, ei ther directly or

indirectly, th e highest ranking clock in the network as its “ultimate refer—7



enc e”. Thus , i ll t h e  clocks are able to remain In s’.’n lironism with the master—

c lock .  Also , in n orm a l o p e r a t i o n , each node  rece Ive S  i t s  t ime—r efcr”ncc from

the master—clock by the path of least demerit. In the case of failure of some

of the  nodes or l i n k s , the  ru les  f o r  r e f e r e n c e — s e l e c t i o n  should  op e r a t e  so as

to r e - sy n c h r o n i z e  each s u r v i v i n g  connec ted  p ar t  of t h~ n e t w o r k  w i t h  t h e  high-

est r a n k i n g  c lock fri  tha t p a r t  of the  n e t w o r k .

S



CHAPTER 3.

C R I T E R I A  FOR THE COMPARISON OF SYNCIIRflNIZATION_TECHNIQUES

This c h a p t e r  f i r s t  d e f i n e s  impor tan t p a r am e t e r s  to be used to compare the

four candidate methods described earlier. Then a qualitative comparison table

is given alon g with pertinent remarks.

The parameters deemed Important for the comparison of network operation

under the differ en t methods of synchronization are :

1. Bit Coun t Integrit y

2. Effect of Delay V a r i a t i o n s  in the  Propagation Medium

3. S e c u r i t y  of T i m i n g  aga ins t  E x t e r n a l  A c t i o n

4 .  Time R e f e r e n c e

5. Monitorabilitv

6. l n te r o p er a b i l lt v

7. Ease 1 Network Reconfi guration

8. Amoun t of I n f o r m a t i o n  Processed a t  a Node

9. Survivability

Brief Description of Criteria

1. Bit Count Integrity refers to keep ing count of the exact number of bits

transmitted/received at each node , so that all bits are accounted for.

2. A variation in the t ime of propagation between nodes due to ‘breathing ”

of the medium manifests itself as a change in the rate of the incoming

bit stream as measured by the receiving node . This criterion refers to

the effects of this apparent change of frequency on the synchronism of

the network .

3. The third criterion refers to the effects on the system due to external 9



a c t i o n s .  Such a c t i o n s  may t ak e  t h i t  f o r m  of s p o o f iu g ,  j a n u n i n g ,  e t c .

4 .  Time R e f e r e n c e  r e f e r s  to  t h e  p r o p a g a t i o n  t h r o u g h o u t  t h e  n et w o r k  of a

reference timing from a common source.

5. Monitor ability refers to the ability to monitor the status of the network

from information exchanged for the purpose of synchronization .

6. Interope rabil ltv refers to the ability of a system using a parti ular

synchronization scheme to communicate with other systems using different

synchronizat ion techniques.

7. The seventh criterion refers to factors to be considered in making changes

in the network structure by addition or deletion of nodes and links .

8. The next item refers to the amount of data processing involved a t each

node for the purpose of synchronization .

9. The last criterion , from a synchronization viewpoint , refers  to the

system ’s ability to survive in case of a failure in a part of the network.

The table which follows compares qualitatively the different techniques

along with pertinent remarks. One should note that experimental investigations

will be needed to substantiate some of these opin tons since quantitative in-

formation is not currently available .

The criteria listed above are not necessarily listed in the order of

their importance.

10
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B i t ( oun t I n t c ~~r i t

h it count i : i t , . ~r j t v  can be mai ntained in the master—slave mode of oper-

a t i ’ n  p r ide d  tco buff ers art l a r ge  enough to absorb the  n e t w o r k  delay v a r —

l i t  i on .  It is ti ot sufficient t o  s i m p ly  absorb  v a r i a t i o n s  over  l i nks  of t h e

slaving structur e since communications may take place between nodes w h i c h  are

~- -pi r it ed by many links of the slaving hierarchy. This ‘w h i p  effect ’ Is one

of the dominan t consi ht r a tion s in selection of an appropriate buffer size .

In the discrete— control—correction case , the buffers must he sufficient lv

large to absorb deLis :lations and the initial frequency offsets of the nodes.

Appropriate measures can be taken to remove unwanted stead y state contents of

the buff ers , however , this does not in general affect the buffer sizing con-

siderations.

The independent clock scheme does not in general have the ability to

maintain bit count integrit y . Any small differences in clock frequencies w ill

eventuall y cause a buffer to either deplete or overflow which causes a loss of

bit cow-tt integrity. The only alternative in this case is to reset the buffers

at known fixed points in t ime , thus causing a controllable loss of integrity .

The use of very stable clocks and reasonably large bu fte r s si1ou 1~ allow s u h  a

system to run f o r  extended periods of t ime before r t - ~etting the buffers becomes

fle C e S S I r Y -

In time reference distribution , only the delay variati ons between adjacent

nodes need be absorbed since all the constant delays can be automatically rt--

moved and all nodes can be referenced to a common t iming source. Hence , the

‘wh ip effec t ’ as observed in master—slave systems does not arise in the time

reference distribution case.
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E f f e c t s  of be I av Va r i i )  io n s

The d o m i n a n t  e f f e c t s  of d e lay  v a r i a t i o n s  have been d i scussed  u n d e r  t he

h e a d i n g  of h i t  c o u n t  i n t e g r i t y .  Howev er , t h e r e  are  o the r  e f f e c t s  w h i c h  mus t

he considered.

In master—slave networks , the nodal frequencies may vary as the time de—

la’~-s change . The magnitude of the frequency variation is proportional to the

delay variations and the tracking time constants. In discrete—control—cor-

rection , the instantaneous nodal frequencies and the steady state frequency

of operation can hi’ affected by delay variations. The effects of delay var—

iat i C ns on the precise clock system can be very dramatic since buffer overflow

o r dep l etion can occur. Transient delays can be automatically absorbed in

t i r 3 )e reference distribution systems if measurements of the delays on the in-

dividual communication links are made sufficiently often.

Securijy~~ gainst External Action

The independen t clock technique is the mos t robus t when cons ider ing

external action against the synchronization of a network . Since the clocks

run independently of the communication links and other network components ,

th ey are also independent from external harassment other than being des troyed

or partially damaged.

In the case of time reference distribution , very sophisticated techni ques

would have to be used to alter the messages between nodes which establish the

dis tribution structure and the measurement of link delays.

Discrete—control—correction is the most susceptible to external influence

s ince all incoming informa tion is in general used to de termine the frequency

of operation . However , touch work is yet required to understand the sophisti-

cated interrelationships involved in the determination of operating frequency
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under t h e  influence of external pert urbations and actions.

The chain of hierarchy in the master-slave technique as well as the

frequency of operation can be moderately affected by external action . This

situation is usually easy to detect by cross referencing to nodes other than

the normal master—slave hierarchy.

Time Reference

Availability of good time reference at a node might be required due to

reasons not related to synchronization and might play an importan t r 1e  in the

selection of a candidate synchronization technique . In the master—slav e and

discrete—control—correction schemes , t ime reference will have to be carricd as

communications overhead . In the independent clock scheme , it is accurate with-

in the frequency standard available at the node. In time—reference distribu-

tion , this is an integral part of the scheme and all nodes have the best ref-

erence available in the network.

Monitorability

Dynamic system evaluation and control require that the performanc and

operation of the network be monitored adequately. In the master—slave scheme ,

only incoming frequencies can be monitored and it is difficult t o  estima te and

control system performance from this Information . In discrete- ontr 1-correc—

tion , buffer changes are monitored at the correction instants and the possi~~1e

use of this information for control purposes has to be examined further. Mon-

itoring in the independent clock system is only needed for the purposes of

resetting buffers .

In the t ime—reference—distribution method , the time—delays are monitored

and el iminated. All nodes have available a wealth of information (including

PTTI) about the rest of the network and this could be used effectively to
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dynamically improve s v s t  em per  f o rm a n c e .

m t  e rep~ rI h i l i t y

A -  th e  a l l  d i g i ta l  DCS h~~s to operate with/throug h d i f f e r e n t  communica t ion

s Y s t em s  l i k e  ATT , T R I — T A C  e t c . ,  i t  is e x p e c t e d  that t he  sy n c h r o n i z a t i o n  tech-

n i q u e  s e l e c t e d  should  be compatible with the schemes used In other sy s tems .

This particular criterion can be looked at in different levels as follows .

Can the svstr-r~ with a particular synchronization scheme , Interoperate with a

different one on a

(i) communications level?

(i i) synchronization level?

(1) Interoperab il itv is assured as long as sufficiently large buffers are

used for Interfacing to ensure bit coun t integrity.

(ii) In the master—slave method interoperabilitv only affects the slaving

confi guration as there can only exist a unique master/slave hierarchy.

In the discrete—control—correction method as long as only one fixed

frequency is availab le interoperabIlitv is ensured. In the independent

clock method Interoperability is assured but may increase buffer reset

rates . Time—reference—dIstribution may have to default to independent

clocks If synchronization information is unavailable from other systems .

Ea~ e o f Network Recon~~ g~ rat ion

The addition or deletion of new nodes and links to the network causes no

particular problems In any of the synchronization schemes. In the master—slave

method , a new node has to be assigned a reference node that it should slave

I tself to. In the t ime—reference method , the new node should be assigned its

proper rank and the new links shou ld be as signed their proper demerits. The

selection and decision rules then operate so as to disseminate the time—ref—
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&-rence to each node f r o m  the  m a s t e r  node by the best path in the new configura-

ti on. With Independent c l o c k s , of course , no ;pec ial a t ion is n eeded  f o r  t

a d d i t i o n  or deletion of nodes and links . However , in t he  case f d i s c  r~~t e— c o n —

t rol—correc t ion , the ci ~ correct ions ire based on changes in loca l  b u f f e r —

levels .  Hence , when a l i n k  is a d d e d / d e l e t e d , the c o n t r i b u t i o n  of the  co r res -

p o n d i n g  b u f f e r  s h o u l d  he i n c l u d e d / e x c l u d e d  f r o m  t h e  ( a l c u l a t i o n  of t he  s i z e  of

c l o c k — c o r r t - c t  ion . A l s c , the  s t a b l e  range  of the  c o r r e c t  ion  p a r a m e t e r  d e c r ea s e ;

w i t h  an j n c r e~~st-  in t h e  n u m b e r  of nodes  and t h i s  mus t  lie t a k e n  i n t o  a c c o u n t .

Amount  of I n f o r m a t i o n  P r oc~~~sed to Achieve Synchronization

In the toaster-slave method each node inere l y needs to recover the frequency

of the particular node it is slaving itself to. In discrete—control—correction

the only information that is used is the leve l of the local buffer. With in-

dependen t clocks , no clock corrections are sough t to be made and the occurrence

of over f l ow or dep letion in the buffers is the information used to reset the

buffers.

In the t ime—reference method , each node acquires information from each of

its neighbors and processes it as set forth in the selection and decision rules

to arrive at a reference node for use over the next period.

~~~~~~~~~~~~
When there Is a failure of a part of the co r m n t i n l c :i t i on  n e t w o r k  I t  is pos-

sible to ensure , in all the schemes of synchronization , that each of the sur-

viving parts of the network continues to operate as an independent network . In

the case of the master—slave technique , this is accomplished by providing each

node with a series of back—up references to use In case of progressive failures

In the rest of the network. In - the Ise of precise clocks • of cour~;e , each

node operates as long as i t  survives regardless iii the cond it ion of the other
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nodes. In both Disc r t t — ( on t rol—C rr t ion and t b  T i m e — R e f e r e n c e  ~i~~t hod , tOe

; t r i ~~I n g  j r o . c b u t t  automa t i c i l  lv ensures that each surv iving p ar t  of t h e  n e t  —

work cent Inues to op e r i t i is an i n d ep e n d e n t  ne t  w o r k .

F a i l u r e s  in t h e  n e t w o r k  can be caused by many  factors such as enemy ;i t t i  ~

equipment hr,:ik bown , e t c .
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CHAPTER + -

I N T E R P R E F A T I  ~N (IF THE )~DA R \  I I V E  STUDY

The at t r i b u t e s  c o n s i d e r c l  essent ial f o r  the  D e f e n s e  Comm n i c a t  Ion N t  rr

w. r e  1 forth in C h a p t e r  1. A set of p e r f o r m a n c e  c r i t e r i a  was discu ssed i n

C h a p t e r  3 and a broad comparison of t h e  four t - h o  I quc~ wa s  p r e se n t e d  i n  t a b u -

l a r  f o r m .  The i n f rm .it  ion  eel  i ’ c t & - d  t h e r e  i s  now ex a m i n ed  to det ~~r m i n i  t h .

most p r o m i s i n g  d i r e c t i o n s  fo r  f u r t h e r  i n v e s t i g a t i o n .

Se~ un  t t o r o ;  h o s t i l e  e l c c t r u i  v measures such as j amming  and sp e f  i ng  i s

of t he  u t m o st  i m p o r t a n c e  in t h e  D e f e n s e  C o m m u n i c a t i o n s  N e t w o r k . ~1or eover , i n

the  ev e n t  of a p a r t i a l  f a i l u re  or d e s t r u c t i o n  of the  ne twork , t h e  s u r v i v i n g

p o r t i o n s  of t he  n e t w o r k  should c o n t i n u e  t h e i r  o p e r a t i o n . These two f e a t u r e - ,

v i z . ,  r e s i s t i n g  external electronic interference and carrying on operation in

t he  s u r v i v i n g  p a r t s  of t he  ne twork  in case of p a r t i a l  f a i l u r e , were inc luded

in the  a t t r i b u t e  of ‘ e n d u r a n c e ’ , w h i c h  appears  f i r s t  i n  t he  l i s t  of e s sen t i a l

a t t r i b u t e s .  In the event  of a p a r t i a l  f a i l u r e  of the n e t w or i < , t he  c o n t i n u e d

o p e rat i o n  of the  su r v i v i n g  p a r t s  is as su red  in a l l  the  sy n c h r o n i 7 a t i c u ~ m e t h o d s ,

as seen f r o m  t h e  C o m p a r i s o n  T a b l e  in C h a p t e r  3. However , as regards the effe ts

01 h o s t i l e  e l e c t r o n i c  measures  on t h e  t i m i n g  of t he  nodes , t i l e  Comparison Table

s h o w s  t n i -  me thod  of I n d e p e n d e n t  C locks  t i  be t h e  leas t  v u l n e r a b l e .  Hence , t h is

method  a f f o r d s  t h e  bes t  ‘endurance ’ , and , for this reason i lone , would a p p e a r

to  h i -  t he  method to adopt  f o r  at  l e a st  h ma jor o r t  ion f t h e  n e t w o r k . T i l l s

v i w , h w v r , may  h a t  t o  h e  qu;i I ified by a ‘non itora bi li t y ’ c o n s i d e ra t  ion

is  d i s c us s i l i t e r .

l’hie Defense Communications System should interoper ate with other communica-

tion networks using ther methods of oper ation . However , the Comparison Table
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si~ n it  i~~~. l ! l t  d~ f & i  n~~~s :I m l l g  t i c  1echn i i ; i e ~- i n  t h i s  r e ; 1 . . t , ;t ! l I

t-fl~~ . t l i ~~~ is : ; t  a d~ is ly cr i t r i n t r  r :~~~rj s o n .

t h i r d  req i r : ~i. nt , that the s ta t e  01 t h e  I)~~~ense  C m m u t ; i c a t i :i ~c t ~~~ t r

~ mo n i  t r I t  f r o m  t h e  i~~t m i t  Ion th a t  is used to ;e h It-v t i m i n g  s v n —

.t l t  ion , i s  i t  ,r it pra~ t i c i l  i m p o r t a n c e .  This aspe t of s y s t e m  oper a-

t i o n  is  not p ; r -~ot d as . , r t  i f t h i s  s t u d y .  However ,  t h e  Time R e f er e n c e  D i s —

r .: ;on —;et hod ~ e t  rs  to  h a v e  t h e  g r e a t e s t  p o t e n t  ia l  in t h i s  r e g a r d .  I :

this m ’tood , i o d e  c o l l e c t s  i w e a l t h  o f  i n f o r ~~ i t  ion  i r o r ~ a l l  i t s  n e : i C b~~r s

L , - i r  i m i n g ,  c lock  r e t  r~~~~es and t b  ~ r~~~;l g1 ti cn t i n e  t the tra!1 —

m i s s i o p t h s .  T:~is  i a f o r m a t ion p r e s en t s  t b ~ p o s s i b i l i t y  t h a t  te sts i t ;  be

d~- - iset . to  ~t t e r m i n e - t he  state of the  n e t w o r k , and , in p a r t i c u l a r , t o d e t e c t

p r e s e  O c t  of x t  e t  c a l  i n t e r f e r e n c e  - I f  such i n t e r f e r e n c e  is let ec ted  , th~

oct w o r k  t a n  i i ~~ t a l l  back  on the  i n d e p e n d e n t  clo k mode of o p e r a t i o n  and

t h u s  c o u n t e r  t h e  h o s t i l e  ac t i o n , in our opinion , t i l e  deve lopmen t  of such non —

it r i n c  c a p a b i l i t ie s  ~ i l l  r e n d e r  t h e  Time R e f e r e n c e  D i s t r i b u t i o n  me thod  super-

o r t o  I ~e T t-tIU t f l t  C i k  t o  hni que .  In n o r m a l  o p e r a t i o n , the  Time  R e f e r e n c

D i s t r ~~h c t i o n  m e t h o d  p rov ides  an ac u r a t e  t ime r e f e r en t t h r o u g h o u t  t he  n e t w o r k

~~tho ;t t h e  use of highl y precise clocks at all the nodes. In the method of

• d e n t  C locks , t a t -  t l in ing of the n I t ~~~ is  sec u r e  a g a i n s t  hostile int e r—

~h r en~~e , but there st ems t o  he l i t t l e  p rospec t  of  l et cc t i ng  such i n t e r f e r e n c e .

I f , on t h e  t h e r  hand , the  i n f o r m a t i o n  r h i t  is available in t h e  Time R e f e r e n c e

D i s t r i b u t i o n  me thod  can  be used to detect external interference , the system

can c h a n g e  to t h e  secure  mode of I n d e p e n d e n t  Clocks , w i t h  t he  a d d i t i o n a l  ad-

vant age of b e i n g  aware of h o s t i l e  i n t e r f e r e n c e .

The f o r e g o i n g  a r g u m e n t s  p o i n t  to  a choice between the method of Indepen-

dent Clocks and the Time Reference Distribution techn iques for it leas t the
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m aj o r  p o r t  h i ;  i f  t ie De t ense  Cormnun icat I o ns  System. The non i t o r a h i  1 i t y  aspec t

i t  t b ;  T i m e  R~~t~~ r i n  e 1) 1st  r i h u t  t en  m et  hod ; bi o ; l d  he In v e s t  i~~a t . d  f u r t h e r f r o m

t l i t  v i s  p o i n t  of i t  ect lug the ; r e s t - t ; t of i n t e r t  t r i t e .  The r e s u l t s  of such

an inve sti gat i rl would h eir on the final choice of a synchronization technique .

Wi th mt-sp ect to t i f l O i n  , the choice Is influenced by t he  r e l a t i v e  cost

i t  a large c ;irnh er of precise c locks in the method of Independent Clocks and

t h e  co s t  of i n f o r m a t i o n  p r o c e s s i n g  and t h e  i m p l e m e n t a t i o n  of a s s o c i a t e d  l o g i c

in t i t  ~ m c -  R e f e r e n c e  D i s t  ribut ion method . I t  is recommended that a s t u d y  h e

c t ;i i c t e d  on p o s s i b l e  a l t e r n a t i v e  i m p l e m e n ta t i o n s  of the  Time R ett r t-ri e Dis-

t r i b u t i o n  m e t h o d  so t h a t  t h i s  aspec t  of the ; rohlem is c i  t r i f l e d .
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CHAPTER 5.

R U L ES FOR PATH SE L EC t I O N  i N T I M E  RE FE R 1 ;NC [  D I S T R I  B U TJ )N

The need to p r o v i d e  p rec i se  t i m e  an d t i m e  i nt e r v a l ( PTT 1) i n f o r m a t i o n

t h r o u g h o u t  n e tworks  i s  g r o w i n g  a t  a r a p i d  pace [ 1 3] .  The app l i c a t i o n  of PIT t

t o  n a v i g a t i o n  and the  sy n c h r o n i z a t i o n  ot  d i g i t a l  c o m m u n i c a t i o n  n e t w o r k s  i s

p l a c i n g  i n c r e a s i n g  demands on the  a c c u r a c y  of PTT I sys t ems . The use of v er y

p r e c i s e  c l o c k s  [ 1 4 ]  canno t , in it ~~c l f , m i e t  these demands  un less  a l l  t i e  clocks

in  a network are  r e f e renced  to some Common t i m e  sou r c t . One me th o d  f o r  at  corn —

ol is~~i n g  t h i s  is to  sp e c i f y  a h i t r ; i r c h i c a l  s t r u c t u r e  f i r  t he  d i s s e m i n i t  ion of

PTT I h o the “Tr ansfer Standard ” techn i ;ue [ 1 5] .  H owt ve r , f i x e d  st r u c t i rt  t e c h —

n i q ;i e s  a r t  not  e a s i l y  a p p l i ed  to an o p e r a t ion a l  environment w h e r e  c l o c k  f a i l —

U l e S  and c o m m u n i cat i o n  l i n k  ou tages  mus t  he accomoda ted .

\n a l t e r n a t i v e  a p p r o a c h  is to  c o n s t r u c t a I f  or~~m i z i n g  c l o c k  system

w h i c h  J v n a m i c i I l v  a l l o c a t e s  t h e  p a t h  over w h i c h  PITT i n f o r m a t i o n  is t r a n s m i t t e d

E I h l .  S e l f  o r g a n i 7 at i o n  i s  accomp l i sh e d  by a s s i g n i n g  to  i ch  noda l  c l i c k  i

unique rank and to each link a given d e m e r i t  and then  p r o v i d i n g  a set ot  ru les

which dec id e , on a node by r u t -  bas is , over w h i c h  l i n k  a node should iccip t

t h e  PTTT inform ation . the merits of this approach have been ex t tn ~~ivt lV dis-

cussed by Stover [17]. Techniques for imp lementing this approach have worked

exceeding ly well in the initial organization of the nodal clock systems . How-

eve r , after a system failure or perturbation , the network may not reorganize

itself.

Presented in this report is a modifi cation of the self organizing clock

approach [1] which organizes the system under all initial conditions and per-

turbations. Furthermore , when in an organized state , each node knows its
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p o s i t i o n  t r i m  t he  se lected  mas te r  in the tree structure used to disseminate

PTT I i n f i m m i t i o n .

Network Org~nization Techn ique

The t e c h n i q u e  d e s c r i b e d  be low is des igned  to iteratively determine the

best path for information dissemination in a hierarchical network structure.

Each node of the network is assigned a unique rank which could represen t , for

examp le , the relative qualit y of the node. Each bilateral link between nodes

is assigned a demerit which reflects the quality of the interconnection . Tht-

object of allocating a unique path through the network Is to pass Informa tion

from the best node to the rest of the nodes over the path of least demerit.

Since more than one path may have the same link demerit , uni queness is g u i r i n -

teed by selecting the path of minimum demerit via the highest ranking neighbor-

ing node.

The process of establishing a network path relies on each node conveying

to its connected neighbors its rank , the rank of the node it is using as its

ultimate reference , the demerit of the path to its ultimate reference and a

nodal update counter. A set of tentative Selection Rules [16 1 can then be

used at each node to decide from where a given node will select its reft-rence ,

what its ultimate reference will he and the corresponding path d e m e r i t  to t h e

ultima te reference. These selection rules a r e  used to d cclii I fl a u n i q u -  i i ~~~’;

of least demerit. Furthermore , they are sufficient by themselves to cause an

initial organization of the network If applied iteratively, if all the nodes

are Initially on self—reference. However , the selection rules are not suffI-

cient to guarantee the reorganization of the network after some perturbation

of the network structure.

In order to guarantee that the network will organize itself under all
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conditions (in particul ar , reorganize itself after a perturbation) , a set of

Decision Rules are used to decide i f  a g iven  node should  use the selected best

tentative reference or if it should reference itself. The decision rules op-

erate pri m arily on i n t o r r u i t i o n  provided by the nodal update counters .

It will be shown t h a t  t he  set of rules  c o n s i s t i n g  of the tentative Seltc—

ion  R u l e s  and the Dec i s  i n  Ru le s  i r e  s u i t  f icient to guarant c that the n e t -~~irk

w i l l  organize itself under all circumstances.

Each iteration of the process consists of a transmission of information

be tween  d i r e c t l y  connected nodes , a selection pro cess and a decision process.

We a ,sume t h a t  a l l  these processes  occu r  in the  t ime i n t e r v a l  between the k th

and (k+ 1)s t  i t e r a t i o n s .  Hence , each node o b t a i n s  i t s  i n f o r m a t i o n  fo r  the

(k+l)st iteration from the information available at the k
th 

iteration .

Not at ion

The nodes are numbered uniquely between 1 and n where n is the total num-

ber it nodes in the network. Furthermore , le t r1 be the rank of the clock at

node i. The higher the rank , the lower the numerical value of r~ . The nodal

clock ranks must be uniquely defined.

The following variables are defined for each node I and for a given itera-

tion k.

s~~(k) ~ rank of the clock which node I uses as an ultimate reference

between the k ’th and (k+l)st iterations.

tu the node which node I uses as Its immediate reference between

the k’th and (k+1)st iterations.

d
11~

d
11 

t the demer it assigned to the communications link between nodes

I and j when such a link exists. The larger the numerical

value , the worse the link.
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D . (k )  the total p a t h  u t e r n t r i t  b y w h i c h  n ode i r e c e i v e d  t h e  u l t i m a t e

re ~er ence it l i s t S l i t  Wet ri the k ‘ t h and (k+l ) st i t  e r i t  i o n s .

(k) th~• update count t m  it  node i for t i e  ~~ t r l i d  be twet-n the k ‘ t h

and ( k + l  ) s t  i t e r i t  Ions .

C .  c t h e  s i t  i t  all nodes which Ire d i r t  t lv  I i  n k e i t  to node i

Thi s -i t  does n o t  c o n t a i n  t h e  node i itself.

Note : Symbols w h i c h  i r e  modified by a indicate a tentative value for

that variable , i.e., s . ( k ) ,  D ( k )  and U j k ) .
1 1 1

S e lt - e t i o n  Rules

There  ar t -  t h r e e  bas ic  ru l e s  w h i c h  are used to  dec ide  t h e  host t e n t a t i v e

r e f e r e n c e  f o r  a n t ic to use .  These ru l e s  are app l i ed  s e q u e n t i a l l y  to  d e t e r m i n e

the best tentative reference to use between t u e  (k+l)st and the (k+2)nd itera-

tions based on the information available between t ile k’th and (k+l)st itera-

tions. If a given rule uniquel y determines the best tentative reference , the

remaining rules are not applied. Once the best tent ative rtte rence is deter-

mined a set of d e c i s i o n  r u l e s  a rc  used to spec ify whether the best or an al-

ternative reference is actually used.

Rule SI Let s
1
(k) mnin r ., mm s (k—l)} i = 1 , n

1 1

;i )  I f  s (k )  r . ,  t hen  ~ 1(k)  I and D . ( k )  = 0.

b )  otherwise  if s
~~
(k) S

q
(k_I)~ then let ii~~( k )  q and

D (k) D (k—i) + ci i f  q Is uni que .
i q iq

Note: Rule I fails to decide j.i
1
(k) uniquel y If two or more of the

s~~(k_1) terms art- equal to t h e  minimum value sjk) and

s
1

(k) ~ r 1
. However s

1
(k) is uni quely determined.
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Rule S2 Suppose j
1
, .. .  

‘ 
are the nodes which give a minimum value for

s
1
(k) in Rule 1. let:

D
1
(k) mm ~d 11 

+ D~ (k—I))
1~~p v  p

a)  I f  the  m i n i m u m  is ach ieved  by a u n i que j , t hen  1
(k)  j

b) O t h e r w i s e , a p p l y  R u l e  3.

N o t e :  Rule 2 f a i l s  to  dec ide  ~ ( k )  u n i q u e l y  i t  tw o or more pa ths

have the sine minimum demerit. However , D~ ( k )  i s  u n i q u e l y

determined.

Rule ~ J Suppose j 1, ..., 

~ 
are nodes which attain the minimum of Rule 2.

Suppose that

r • rn in  {r  1.
~~p ’t

Then let (k )  — II q

Decision Rules

Once a tentat ive best r u t  u r n  hi s been su iC& ed ho a n i l e , It must

~~~ ide if i t  should use tha t reference . This l e t  i s b n Is made using three

ru les which are applied sequentialLy . I t a given rule is sati sfied , the

remaining rules are not a p p l i e d .

Kule dl I t  t il t t e n t a t i v e  best reterence for a given node I i s  a s e l t  refer-

ence , then the node uses Itself as a reference and reduces Its up-

date counter by one unless its counter is already l i t  zero In which

case the counter is left at zero. If this rule applies , then ru les

D2 and D3 are not applied ; i.e.,
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i) i f  s . ( k )  = r .,  t hen s . ( k)  = r
1 1 1 1

f T (k — 1  — 1 If  T . ( k — l )  0
( k ) i , D . (k )  = 0 and T

1
(k)  =< 

1 1

0 if T
1
(k—l) 0

b )  o t h er w i s e , a p p l y  Rule  D2.

Rule  1)2 I f  t h e  r e c e i v e d  u p d a t e  c o u n t e r  a s s o c i a te d  w i t h  the  best  t e n t a t i v e

r e f e r e n c e  i s  s m a l l e r  than  t h e  u p d a t e  c o u n t e r  a t  the  g iven node i ,

then tim e node i uses the best refe rence received and makes its up-

date counter equal to the received update counter from the best ten-

tative reference increment ed by one. If this rule app lies , rule D3

is not applied ; i.e.,

a) it  T
~ ( k )

( k _ l )  ~ T (k - 1) ,  t hen  s . ( k )  s (k) ,

= ~ (k), D (k) D . (k) and T.(k) = T- (k-l) + 1,
1 I 1 1 1

b) oth erwise , a p p ly  Rule  D3.

Rule D3 The node i uses i t s e l f  as a r e f e r e n c e  and i n c r e m e n t s  i t s  u p d a t e  count-

er by one ;  i . e . ,  s~~(k)  r . ,  i~~~
) = i , D (k ) 0 and

Tj k )  = T jk — l )  + 1.

in!p~le

Shown in Fig. 1 Is a simple 4 node example which is allowed to organize

from Initial conditions of each node referencing itself and zero update

counters. After 5 iterations the network has organized itself. The hi ghest

r a n k i n g  node , node 1, is then  severed f r o m  t h e  r u s t  of the network forming two

subnetworks . The larger subnetwork then reorganizes itself in an additional

6 Iterations.
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CHAPTER 6.

PROOF OF NETWORK ORGANIZATION UNDER THE SELECTION AND D E C I S I O N  RULES

Before any of the techniques for synchronization could be considered in

a competitive manner , the basic operational feasibility of the methods must

be clearly demonstrated. In fact , all the methods except the time reference

distribution path selection rules were well established and documented pre-

vious to this stud’:. Therefore , the rules given in Chapter 5 were written

so as to facilitate a proof that the network would organize itself under all

operating conditions.

In the future , better rules or techni ques may be formulated which pr ov ide

a better means for the path selection problem. However , our purpose here is

to demonstrate that at least one such method exists , ther eby p lacing this

techni que on an equal footing for the purpose of this evaluation study. The

rest of this Chapter is a proof that a network will organize itself under the

rules of Chapter 5.

Theorem

Under the rules given above :

(a) the hig hest ranking node in the network will become the ultimate refer-

ence for all the nodes of the network in a finite number of steps;

(b) this reference will be propagated to each node over a path of minimum

demerit from the master node;

(c) i f  some nodes and links are removed f r om the ne twork , the highes t rank ing

clock in each surviving subnetwork will become the ultimate reference for that

subnetwork , tr ansmitting Its reference over a path of minimum demerit to each

node.
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The ~ r ’ti f ‘f this t r > l l  w i l l  he develope d t i r ii i gh sever~ i 1 prop si t ions

i si I

P r 1  sit ion I

When a node v is removed from the network , all reference s to that node

di~~ii pta r t r I : .  the network in a finite number of steps; i.e., even if some

10(1( 5 were using v as their ultimate reference , there will be none doing so

after a finite number of steps.

le t node v be removed from the network at k = 0. Let M(k) . {i :  s
1

(k )  =

r~~~, i.e., the set of nodes which accept node v as the ultimate reference at

k’ tii step, k 0. If M(k) Is not the empty set , let T~~~~(k) ~. mm T
i
(k).

i cM (k)

Lemma 1-a

I f  M ( O ) , M ( l ) ,  . . .,  M (k), M (k+ l )  . . .  , are not empty, then

T . (0) < T . (1) < . . . < T (k)  < T . (k+l)  < . . -mm mm mm mm

i.e., T
i

(k+p) > T
min

(k ) + p , fo r  k , p > 0.

Pr oof of Lemma 1—a

Consider M(l) = (I: s (1) = r } , the set of nodes which accept r as
I V V

t 1 i e i r  u l t i m a t e  r e f e r e n c e  at k = 1. Since node v is not in the network , ea ch

such node I aust have accepted node v as the ultimate reference f rom some

oth er node i-M (fl). Hence . by rule 1)2, It must have set Its counter 1 (1)

equa l to T. ( O) + 1 ~‘ 1 (0). Thus , for each i~ M ( l ) ,  T.(l) 1 (0), and
J mm 1 mm

ther~ fo re T ( 1)  T (0) , or T (1) > T (0) + 1.mm mm mm — mm

Clear ly , this argument may be repea t edly used to show that

1 1
(k+p) T~~~~~(k)  + p ,  for  all  k , p 0.

Len~~a 1—b

If iiM (k) (i.e., s (k ) r ) and T (k) = 1 ( k ) ,  t h e n  s . (k+ p ) ~ rI V I mm 1 V
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tor p 1; i . e . ,  any node using node v as the ultimat e referene , with its

Counter eq i i i  I t t he  m in i m u m  c f  t l m ~ counters I f  a l l  such nodes , does so

onc e.

Proof  of Lemma 1—b

Suppose , on the con t rary , that T . (k) = T . ( k )  and s (k+p) = r , p 1.
mm i V —

This implies that there exists a node j M(k+p— l) such that

T . (k + p — l )  < T
i
(k+p—l) (1)

An examination of the Decision Rules given ab o v e  shows that , It each

node , the counter can increase by at most one at each step. Hence

T . (k+p-i) < T~ (k )  + p— i T 1 ( k )  + p—i.

Thus , from (1),

T.(k+p—l) T~~~~(k )  + p — I .  ( 2

However , by lemma 1—a ,

T~ (k+~—i) > Tmin
(k+P_l) > T~~~~(k )  + p — i ,

and hence

T.(k+p—1) > T i (k) + p—I

which contradicts (2). This proves Lemma i—b.

Proof of Propos iti on I

It follows directly from Lemma 1—b that at each k 0, if tile set M(k)

is not empty, there is at least one node in the network which drops node v

as Its ultimate reference for all latei- k. Since th~ number of nodes is

finite , it follows that in a finite number of steps all reference to node v

will have disappeared from the network.

Pro~ppsft ion II

Suppose that at k — 0, the ultimate reference used by e a b  node in the



~ r t sp onds  ~ c a >  n s de  i i >  i c i  l v  i f l  t -  I i e F ’ .~~~r~~.. ~~I> ll , ~ I1 I

f s t ep s , t h e  h~~ghes~ r aIi k jli i ~ h i l t ~~i 11 he or , t h e  t i l t  i n . i t >  r .  t e r u :~

I i all the nodes c t  t b  f l e l . —  r k .  I l r t t I & rr~I I e , i t s  r~~~~ r ( >  is  prop.i~ ated

to e~~di  ~ u 1 by a p i t h  ~ minimum lu a ri t

P ru ol o t  i 1 ~~~~~~S~~~L lot  1 1 
-

The reference—selection rule s SI—Si given above , define for each node i

in t~~h network , a anu jut path of minimum demerit from that node to the master—

node , and the corresponding demerit C .. Hence , the following definition is

un amb g inus:

let P .~. t he  set of nodes  f o r  which  t h e  above p a t h  of m i n i m u m  d e m e r i t  to

the master—node consists of exactly m links , rn = 0, 1, 2,

with P
0 

= (the master—node , say, node 1).

: t  is obvious that each node in P~~ 1 
Is directl y linked to at least one

node in P , m = 0, 1 , 2,

( I )  Under  the hypothes i s  of t h i s  proposi t ion  apd the given ru les , the

m a s t e r  node  will always remain on self reference; moreover , In a f i n i t e  n um-

ber of steps its counter will be set to zero and will remain at zero thereaf-

ter .

Let t h i s  be the  s t a t e  a~ k = 0. Hence

s
1

(k)  r~

0 . k 0

T 1
(k )  0

Consid er a node jcP
1
. It is dir e ctl y linked t o  t h e  ma~~t c r  node and t h i s

d i r ~s t  I l l S - I  iS also the path of mi i~imum demerit to the a . m s t r n o d e .
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Hen ce , f o r  i l l  j  P , s (k) r1 1 
~ k > l .

D (k )  d . = C .

\ pp l s i n g  the  rules at k = 1

i f T (0)  ‘ 0 , then s,(1) = s.(l) = r
j :1 3 1

D .(1) = D . ( l )  = C .
J 3 3

T.( l )  = 1 (0) + 1 = 1
1 

—

and hence , in f a c t , s . ( k )  = s ( k )  = r
3 1 1

D,(k) = I) ( k )  = C . k > 1.
3 j 3 —

T. (k )  = I ( k — i )  + I = 1
1

If , however , T .(0 )  = 0 , then  s . ( l )  = r •

D . ( l )  = 0

T.( i)  = T , (O) + 1
3 3

= 1 
~
‘ 11

(1 )

hence , we have , as above , s . ( k )  = ~ .(k )  = r
1

D . (k )  = f . k = C . k 2 .
I 3 3

T . (k)  = I (k—I) + I = 1
1 (3 )

Hence , in ci t ho r case , for cP
1 
, the otid i t ions (3) hold f o r  k - 2.

( i i )  Assume , as t h e  i n d u c t i o n  hy p o t h e s i s , t h a t  I h i - r e  exists a finite k ,

say k such that for all jrP , s (k)  r
m m i 1

D
1

(k)  ~~ 
~ 

k ‘ k
m~

1 (k)  m J
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Consider .i node i P . The path of minimum demerit from i t o  t h e  m a s —
111+ 1

or node connects i o some node ji P . Then it fol lows f r ’nI t h e  i n d u c t  i o n
m

hvpot be5is and the given rules that

s
1

( k )  r
1 k > k + 1.— m

D (k) C .
1 1

if T
1

( k )  > m , then  s . ( k )  = s
1

(k )  = r
1

D . (k) = D  ( k )— C . 
‘

~~~~~ k + 1.
I i i~~~ m

T 1
(k )  = m + 1

If , on the other hand , 0 < T .(k ) in , then
1 m -

s.(k +l) r
i n  I

D(k + l ) = 0
i m

1 (k + 1) = T.(k ) + 1
I n  i n  )

Repeat ed app lication of the rules shows that , in any case , T
1

(k + m + 1) > in ,

and henc e f or a l l  i 
~~~~~ 

s
1

(k)  r
1

D (k) G . ~ k > k
i i — m+l

1 (k ) in + 1

where k . k  + (m + 1 ) +1— k  + m + 2 .
c-f l m m

Thus , the induction hypothesis on P imp lies similar properties for P~~ 1
.

Si n e  the hypothesis has been verified for P
1
, the proof of Proposition II

is complete.

Proof of Theorem

The proof of the main theorem may now be stated as follows:

Proposition I shows that , whatever the initial state of th e network may
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be , it charii ~ - s w i t h in a f i n i t e  number  of s teps  so as to s at i s f y the  assump-

tions of Proposition II. H e n c e , the conclusions of Proposition II , which are

the conclusions of the theorem , are established for all initial conditions.

In particular , this also proves that in the event of the loss of some nodes

and links , each of the surviving suhnetworks independently attains the steady—

state conditions described in the theorem.
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(‘IIAPTER 7.

R ANPOM TEST N F: rw ( RK I EN ER A T OR

In the  pr e~ ess of developing the path Si- b e t  Ion r u l e s  of C h a p t e r  5 , i t

became apparent that some csthod for comparing diff erent alternative rules

was required . Simulation technIques were the only available methods which

could be used to quickly compare the performance of given alternative rules.

I t  was then necessary to construct networks whi~~h could he simulated by pro—

grams which implemented the appropriate r u l e s .

A set ot ~80 randomly generated test networks were generated using the

program listed in the “Computer Programs ” Appendix. The networks generated

range from very sparsely interconnected structures to ones with a moderate

number of interconnections (links). This large data base of networks was

used to verify that the basic simulator programs were operating correctly

and to gather statistics on the performance of the differ ent simulators.

The networks were generated in groups having the same number of nodes

and bilateral communication links. Networks with 10 nodes have either 10,

15 , 20 , 25 or 30 l inks ; networks with 15 nodes have either 15 , 20 , 25 (h r 30

links ; and networks with 20 nodes have eIther 20, 25 or 30 links. Forty

networks were generated in each group.

A program for listing the networks in the data base is also given in

the Appendix.

Fi gs. 2 and 3 are the flow charts for the network data base generator

program and the network data base listing program. Fig. 4 is an example

list ing of two test networks.
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I N I I 1:1 . 1  /
( 0 1 0 — l i d )

INC R EM ENT NET WORK 
...~~ ÷ETI P

GENERATE NODE
RANKS
(2 10—2 2 0)

RANDOMIZE ORDER OF
NODE RANK S
(2 30—2 90)

INITIALIZE
NETWORK PARAM.
(300—3 50)

RANDOMLY GEN
A MIN SET OF
LINK S FOR A
CONNECTED NET .
(390—4 90)

RANDOMLY GEN
REMAINING LINKS
(500—710)

‘I,
WRITE NETWO RK
INTO DATA BASE
(740—7 50)

Fig. 2. Flow Chart for the Random Nt t s i~~ i i i  h~i (l ( eni rat or

3,



N I T  I At I Z E
(010—060)

READ I N I T I A L  &
FINAL NETW ORK
NUM B ERS
(070—080)

~1~R EAD UNWANTED
NETWORK S IF
REQUIRED
(090—110)

COUNT LISTED

1~~~~EAD NETWORK
TO BE LISTED
(140—150)

PRINT NETWORK AT
TOP OR BOTTOM OF
PAGE
(160—270)

FIg. 3. Flow Chart for the Random Network Data Base Lister.

38



PRb (R [~) 3 1 5 , NODES = 15 , L I N K S = 31)

N ODEI: R A N K  (l I N K E D  TO N OD E / P A T H  D E M E R I T )
1 2 2 / 2 9  4 / 2 8  5/28  12/7 6/30 8/2
1 3 1/2 9 3/14 7/16 8/6 13/19 12/ 2
3 15 2/14 6/ 22  9/ 27  15/12 10/ 14 11/17
4 10 1/ 18 10/9 7 /7  6 / 2 8  15/18
5 9 1/28 L I / S  10/23 14/28
6 1~ 3/22 4/28 7/7 1/30 12/9 9,19
7 11 2/16 4/7 15/24 9/8 6/7
8 13 2/6  1/2
9 5 3/27 7/8 6/19

10 4 4 /9  14/4 5/ 23  3/14
11 8 5/5 3/ 17
12 7 1/7 2 /2  6/9 15/8
13 1 2/19
14 12 10/4 5/28
15 6 3/12 7 / 2 4  12/8 4/18

PROBLEM 336 , NODES = 15 , LINK S = 30

NODE# RANK (LINKED TO NODE/PATH DEMERIT)
1 12 2/28 4/2 8/24 7/1 9/5
2 2 1/28 3/27 6/21 14/27 15 /15 5/18
3 8 2 / 2 7  10/9 12/8 14/23 8/ 17
4 10 1/2 5/9 15/29 13/30
5 14 4 /9 10/12 2/18
6 5 2/21 7/9 9/16 14/6
7 4 6/9  11/1 13/18 1/1 9 / 1 0
8 3 1/24 13/22 3/17
9 7 6 /16  11/2 1/5 7 / l U  13/S
10 1 3/9 5/12 13/8
11 13 7/ 1  14/14 9/2
1? 6 3/ 8
13 9 7/18 14/5 8/22 3/30 9/5 10/ 8
14 15 13/5 2/27 11/14 3/23 6/t-i
15 11 4 / 2 9 2 / 1 5

Figure 4. Sample Networks Listed f rom the Data Base.
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CHAPTER 8.

SIMULATI ONS OF PATH SELECTION RULES

As p r e v i o u s l y  s t a t e d , i t  is  d e s i r a b l e  in the Time R e f e r e n c e  D i s t r i b u t i o n

technique to dynamically select the best possible p a t h  f o r  d i s s e m i n a t i n g  net-

work  t i m i n g  i n f o r m a t i o n . I n i t i a l l y ,  on ly  t h e  s e l e c t i o n  r u l e s  of C h a p t e r  5

were used to select an appropriate dissemination p a t h .  T h i s  a p p r o a c h  is sat-

isfactorv provided that each node starts from specified initial conditions

and no perturbations in the network structure occur. However , if network

perturbations are allowed , examples can be constructed which cause these

selection rules to fail. In fact , a simple 3—node example is sufficient to

demonstrate this problem.

The unde r ly ing difficulty with the original selection rules is that

references to nodes which have been deleted from the network can remain in

effect since the informatIon describing such a reference can he c i r c u l a r l y

passed back to a given node. Hence , a reference to a node no longer in the

network can be maintained.

As an I n i t i a l  a t t e m p t  to block the  c i r c u l a t i o n  of old i n f o r m a t i o n , a

set  of a l t e r n a t i v e  node R e s e t t i ng  Rules  (A and B ) ,  and a set of a l t e r n a t i v e

node Reset Holding Rules (1 to 5) were proposed .

Reset  t i ng~~Ru1es

A. A node must revert to self reference whenever:

I) it changes its ultimate reference (unless the change is from self

reference),

ii ) the node from which It re ceives its reference changes ultimate

reference.
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iii) the node from which it was r e c e i v i n g  i t s  r e f e r e n c e  f a i l s  or the

communication link over which it was r e c e i v i n g  i t s  r e f e r e n c e  f a i l s .

B. A node must revert to self reference whenever:

i) it changes its ultimate reference (unless tlit- change is from self

reference),

ii) the communication link over which It was receiving its reference

changes .

Reset Holdin~~ Rules

After reverting to self reference , a node must maintain its self refer-

ence until:

1. A number of synchronization cycles have occurred which is equal to

the rank of the node.

2. The node from which it could take its reference has been using the

same reference for a number of synchronization cycles which is

greater than the magnItude of the maximum d i f f e r e n ce  In rank be-

tween Itself and all adjacent nodes , ti le cycles heing measured

from the point where the ori ginal node became se l f  r e f e renc ing .

3. The node from which it could take its reference has been using the

same reference for a number of synchronization cycles which is

greater than the magnitude of the difference in ranks between It-

self and the node from which it receives its reference , the cycles

being measured from the point where the ori ginal node became self

referencing.

4. The node from which it could take its reference has been using the

same reference for a number of synchroni zation cycles which is

greater than its nodal rank , the cV (~le~ being measured t rom the
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point where the o r i g i na l  b ecame sel t ref e reucing.

S. Either holdin g rule 3 or holding rule 4 is sat 1sf led .

Ini t i i i lit n~

Ten simulators (Al to If ) we re  c o n s t r u c t e d  to ev a l u a t e  tile p r f ’r m a n c e

of the 1~eset t m c , and Reset Holding Rules. The ran~ om1y generated test net-

works described in Chapter 7 we re used to evaluate each simu Lit or program.

The number ot iter at ions required I or each network to organize itself unde r

tu e  given rules ~~~~~~~ ~ttp’utt’d . The bes t , node in each n e t w o r k  was then  severed

f r o m  the network a n d  the r e o rgan  izat ion process ~~ is allowed t o  proceed . The

number of organization and reorganization iterations w ere  averaged  f o r  each

group ot networks in the data base . The averaged organization Iterations and

re organi ;’ition iterations are shown in Figs. 5 and 6 respectivel y .

These simulations indicate tha t , for at least the set of networks in the

randon data base , each alternative method organizes and reorganizes the net-

wo rk pr operl y . However , no insigh t was gained into a method for exp l icitly

proving that an - of these alternative techn iques w~~u 1d  select an app ropriate

net w o r k  pa th.

fte Pc, i s l e t  R~i l~~~~p~~roach

A simulator was constructed for the final set of Selection and Deci sion

Rules described in Chapt er 5. The program used for this simulator and the

program for averaging and plotting the results are given in the ‘Computer

Program ’ Appendix. The flow chart for the simulator is shown in Fig. 7 and

the simulation r e s u l t s  in F i g s .  8 and 9. These results indicate that these

rules perf orm as well as the prevIously describ ed rule m o d ili ca t ions. How-

ever , the decision rule approach has the distinc t advantage that proper per-

formance can be demonstrated for all operating conditions.
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CHAPTER

N I  TO -kE Fl-SI ‘ L I E L S  FOR FV A I l ’ .\TIN;, ~iN ( HP NIPA T I N

In o rd .  r t ‘ et t~ -~ t ~Ve l v  comp -ir~- d i ferent sv n c h r t i i z i t  ion t e - i n i q i t ’s ,

I t is essen t Ia 1 o ‘no— I rue t a St  u t i t  rd t netw irk. The r o t  .~~~ ‘ rk u S e 1 f r

this purpo se must re.iI i— ~t ica llv r e p r e s e n t  the  m a j o r i t y  ‘f pr~~~lcms enco unter—

cii in it ti-m ; i n g  to s v n c h r m i z e  a large s~ a1t- net~~~rk. Both top o l o g i c a l  and

comrnun ~ a t  ions const  r a i n t s  mus t  he pr e  t~~ted - Modulation t c hni ques , mult I—

p lexi ng h i e r ~t r  h i e s  and t h e  n u m b e r  of  c h a n n e l s  p er  l i n k  w i l l  not )‘~ consid-

ered in  t h i s  model since t h e ’~ do not ~ f - c t  t h e  overall n~- t w o r k  s i c h r o n i z a —

~~~ p r i t h  l en .

The c li s st- s of 1 in ks considered will Include sat~~ll ite , micr owave , trop—

i t ’- i t t~-r , radio and w i r e .  As an i n i t i a l  b reakdown , t o -  following terl tat ~~ e

pe r cent igt s of l i n k  t y p e s  shou ld  be i n c l u de d .

S a t e l l i t e

Nicrowave 50%

Troposc oitter 10%

R a d i o

w ir e 30%

TOes e oe r - e n t ages r e p r e s e n t  a f i  n~r crude • ‘ t m a t ’ of the makorin of t he  f u —

t ;i r~ DCS . Sifl e we lu’ slre t i  represent all types ‘ ‘ I  l i n k s  in our network ,

t he above pe rcen t ages  i n d i c a t e  t h a t  a t i - s t  n e t w o r k  should  ; i v . -  at  l e a s t  50

links in ord~-r that a m i n i m u m  of 1 radio link is included on a percentage

basis. The number of links in our standard n e t w ’ r i ~ was i r h itr ; i rilv chosen

to be 100.

The most ri t i  ii concern in constructing a t e s t  model  i s  t h e  c on —
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s I r  in  ts  e t t i~~ opel o p . - of the net w - r~ - In ii I reg i ri , t h e  fo l  l o w i n g  t o p —

o l og ic il cc’ndi~ ions s1~ o u i l d  f t  i n r o r n ’ r  t t e d t

1. l o ng  c h a i n  s t r u c t u r e s  i m p o s e d  of m i c r w i - .- -  i n - I / o r  t r o ) o s c a t t - r

l i n s s .

2. 1 ocal c l u-i t o  r’- co m p -~~ed ot mi criow ;i ’’o’ and! ’r wire lin ks .

3. Loc - o l d u s t  o r ing at tin’ e n d s  o f  l ong  s i n g l e  o~r spa r k- chains.

Th is pr --1- ; - -s th~- d u m b e l l  e f f e c t .

S e; . i r a t o - d  d 1 : i ~. t e r s  L i n k e d  get h er via  s a t e l l i t e s .

5. Si hin t he set of to s c ° s -ri and  t he t vpe of t ransmiss ion ass i t’n~- I

hose I ink~, , ;- 1 r i i o~ ers should 0,- chosen  t o  r e - r e s e n t  t h e  w i d e s t

p o ssih ~ t - v i r i i t  ion In norma l operation . F . r e x a m p l e , micr i o~~ave an.)

r -, os a t  ic r I ;i~~ - - should range I ron ve ry  short lengths t o  long

l i til ~-s whi n rep re sent mar g inal or f r i n g e  p e r f or m a n

~~~ . The I n t er c o n n e c t  ions it the nodes should represent a wide range in

t o -r m- ’ of t h e  s p a r si t  ; - o t  inter ; l i n e  I ion .

7 .  The netv ’r~ should I , for: ni l at -i in a way w - ;  i ch a l l - ’w s  a sep r;l ico n

f r i t o  s u b n e t w o i r k s  w h i c h  have d i f f e r e n t  sp ar s i t v  factors and c- -in re-

p r e se n t  t he d e g c n & - r ; i t  • - c ases  of  n e t w o r k  p e r t  r ’ - - . The l i n k s  m i

nodes  w hic h m o — I  he del eted t o  go r i e r - u t  e t h -  ~-e c - i s  sh o u l d  be spec

f l ed ;~~~~ ;i r ~ o1 bc fl etw ’r~’ mo o- li-i

The n etw o r~ shown In Fig. 11 ) is a i r o l i r n i n a r y  v e r s i o n  of such a standard

test network which meets the requirements listed above - TOt -re are SY nodes

in the network. Each l i n k  is l ,i t oel ed with t lit’ svtnbol m~~~, where m I S  the

l i n k  number , x Is one of the symbols IR = radio , S satellite , I • tropo—

so l i t  t -r 
* W vi ri , M microwave and n is ti n - length of tin link. A list -

ing o f  t i le links is given in the ‘ Sr in - l i r i  T i-s t Network ’ A I ’ j o - n d  ix .
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CHA~~TE R 10

( ‘ d l  ~ I

In li g h t of the e v . i l i i a t i n n  presente d In C h ap t e r  4, t h e  conclusion of

t h i s  r e -p or t, is  t h a t  t h e  T i m e  Di f f t - r e n c - 01st  r l b u t  ion T e c h n i q u e , w i t h  f u r t h e r

development of its monitoring c a p a b i l i t i e s , will best meet the OCS require—

ment-s of endurance , int e -r— pe r .ibi l itv , monitor abilit y , a n d  economy o f  op—

er a t  ion . T h i s  is p a r t  i c u l a r l v  t r u e  i n  t h e  s i t u a t i o n  w h e r e -  t h e  TRD t echn i que

is used t o  p rovide t he  b a c k b one  t it-;ing of a large network .

The M a s t e r  S lave  and D i s c r e t e  Cont  rol  C o r r e o - t  ion T echn i q n i e - s  a lso have

t h e i r  a p p r o p r i a t e  p lace  in the  D e f e n s e ’  Conmiun i ca t  ion Sy s t e m .  For e x a m p l e ,

t h e y  w o u l d  be s u f f i c i e n t  in a reg ional or tactical environment where simpli—

clt’~- of operation is essential.

Considerable work remains to be done on the Time R e f e r e n c e  D i s t r i b u t i o n

T e c h n i q u e . In  p a r t i c u l a r , °fl e pr o v a b l e  set nt dr- c jSi ,on r u l e s  h i - c  h e r - r i  pre-

sented ; however , alternativ e methods should he developed and compared in or-

der to provide the most effective techni que. Furthermo re , procedures and

protocols need t o  be developed for transmitting in f;o rrn,i tion between nodes

and r - r  ef fo - tlng time ’ d ela. measurements.

Network st r i ~ eg it-s which can t ’ffect lve lv ut i l i z e  tint- increasod monitor—

ab ility provided by Time Refe-rence Distribu tion need to he- developed. These

strategies should include the evaluation , con t rol , p r o t e c t i o n , ma in tenance ,

repair, and modification of the system.

A S t o i o t \  shou ld be made of the al gorithms to imp lement TRD decision rule-s

in t cr1-i s o~ har iw lr ed log ic or computer programs . This st  t i d y  s h o u l d  a lso

in cl ude’ ‘st ima t o- s of t i t i ’  e- omput it io n - i l capacit y n e c e ss ar y  t o o  e,irr . out these’

51



ii ~~ o or it lims .

An i n v e s t  i g ’ I t  ion of t h e ’ se’nsit ivit ics ol the l ) i s c r t ’ t e  C o n t r o l  C o r n - c —

tion and Time R o t  ‘rerrc e Di- ; t ribut ion Te chniques t i external inf lu e n c e ’s should

he i - F  t o t  tIne ’ 1  in o r d e r  to understand the  Lmp l i c a t  ion of su c h  i n f l u en c e s  on

system perfoormance arid control.
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INTEGER*2 NN B00020
F=NN B0003O
KGET= F*RAN (N) B00040
KGET=KGET+l B00050
RETURN B00060
END B000.0
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DC A ’.E .” -~RE S\’NCHR (,NI ,h\TI ON SI MI 1,ATOR 12100 10
C T2D00020

I I - I i L I C I I  1 4 1 8 - K ~ (1— 14) T2D000313
IN : [: 0 2 B , 1)1)1) 1, 9000 -40
[14Th:- FR~~2 DL 1200004’)
INT l-h , l~R*4 14 T2D(nuln 0 0 0

IN~ E *4 [[1 [2000070
DI1i 1421 -- N 14l’(l00),N~~(l0O) ,IS(100) ,NII (ICC) ,1L(IcC) ,N (1CC ,10) ,T20000R ()

1 N 1 ( o , l i i ) ,  19(1(1’)) ,N 1 (lOO) ,DL(100, 10) ,B(1C) ,N f ( l O O )  , IT(1CC) T2000090
WRITE (2,1.2) T2DuiO l OO

101 READ (6 , i N lo  34 (4 )  Nl ’R ,NOI)b-S ,LlNK ,NR ,N h ,NI ,N D ,NI. ,NL ,DI,,Ni 12000110
NIT=ni T2DOO12O
IGC=0 T2D00130

102 DC 120 I = 1 , h 1 . o i  ~ 1 .140 014- n
M=NR(I) T2000150
N 1.1 . . = N 1 . ( I )  T2D OO I ~c 0

I F  I NLL) 1 ° ’ , 1( 10 , 103 T2D OU1 70
103 DC 105 J=1 ,NI.1 T2D001R~

N C=NC (I, J ) T200019°
IF 0 I - I _ N 2 (N o n ) )  105 ,104 ,10-4 T2D00200

1(0-. I-l=NS (14) ( o  T2D002 10
105 C U N T I N L E  T29002°29

T2D00230
L=O T2D00240
IF (M—NR(I)) 107,106 ,106 12000250

106 IU(I )=I T2D00260
1S(1)’~M T2D0u27O
ID(I)=O T2Doo:3o
IT( I )‘~N 1 ( 1)—i T2DI)029o
IF (IT(I).I,T.O) IT(I)=O T2D00300
GO TO 120 T2DOO31O

107 DC 109 . J 1  , N l I.  T2D 00320
N C C = N C ( l , J )  T2D00330
IF (M—NS (N C )  109 ,108,108 120003.0

108 L = I + 1  T2 000 35()
B(L)=J T2D0036O

109 CONTI I4I J 120003;n
1 I= N C ( I , B ( l ) )  T2000380
M=ND (II)+DL(I,B(l)) T2D00390
IF (L— 1) 110 ,110,111 121)1)09 (0

110 IU(I)=NC(I ,B(l)) T2DOO41O
ID(I)’-M T2000420
IT(I)=NT( IL(I)) T2D0043O
GO TO 120 12000440

111 DC 113 .I =2 , L T2D 004 5()
II=NC(1 ,8(J)) T2DOO4f-eO
Nu:=N0 (11)÷DL (I ,B(J)) T2000470
IF (M-NCC) 113 ,112 ,112 T2D00480

112 M=NCC T2D00490
113 CONTINUE T2000SOO

NC=C T2DOO5IO
DC 115 J 1 ,L T2D00520
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I 1 = 140 (1 ,B ( J  ) ) 121)1)1)430

I F  (‘-° 1 4 0 ( 1 1  )—DL ( 1 ,8(J))) 115 ,114 ,1 1 °. T2 9 h ) n I S : , r )
114 NI 14 + 1 T2DID)551)

n_i (‘, )=8(~ T2li0-24’ ,

115 C - N: I N I J E  T2o0o~~7o
I F  (N o n _ i )  l l t o , 1I6 , 1 17 T21 ) 0b5 ~ 0

11 6 11’(I)=I, ( t , B ( 1 ) )  T 2 D 0 0 5 4 -
ID (1)=N1) (IU(1) )4L1 (I,B(l)) T2DOO600

I~I ( lU( i)) TJDOW1 0
CO TO 120 T2000620

117 N E = I D  ( J , B ( l ) )  T 2 D 0 0 0 3 0
T21 )( J ( oo 4 0

N1’=l T2D00650
DC 119 3= 2 , 141 T2D00660
N1~~14: (r ,M(J)) T2000670
IF I-I--NR NI ) 119 ,118 ,118 T2D00680

118 NP= J T2D00600
M=N P ( N E )  T2000700

lb C O N T I N I E 12000710
IU(I)=NC(I ,B(NP)) T2D00720
ID(I)=ND(lU(I))+DL (I,B(NP)) T2D00730
IT (I)=N 1(IU(I)) T2D00740

120 CON T I N U E  T2000750
IFL\ G= O 12000760
DC 124  I=1 , NODES 12000770
IF (IU(I)—l) 121 ,124,121 T2D00780

121 IF (NT(I)—IT(l)) 123 ,123 ,122 T2000790
122 IT(I)=IT(I)+1 T2D00800

GO TO 124 T200081O
123 IFLAG=~l T2D00820

I U ( I ) - = I T2D00830
ID(I)=O T2000840
IS(I)=NR(I) T2D00850
IT(I)=NT(I)+l T2DOO86O

124 CONTINUE . T2DO 0 870
DC 131 1=1 , NOI)ES T2D0088O
IF (IGLAP,) 125 ,125 ,130 T2D00890

125 IF (NU (I)—IU(l)) 129,126 ,129 T2000900
126 IF (NS(I)—IS (1)) 129 ,127,129 T2D00910
127 IF (14D(I)—ID (I)) 129 ,128,129 129009:0
128 IF (IT(I)—NT(I)) 129,130 ,129 12000930
129 IFLAG= l T2D00941)
130 NS (I)=IS(I) T2D00950

NT(I)=IT(I) T2D00960
NU (I)=IU(I) T2D00970

131 ND(I)=ID(1) T2D0098O
NIT=NIT+1 T200099O
IF (IFLAG) 132 ,132 ,102 12001000

132 N I T = N I T — l  12001010
W R I T E  (3,143) (NS (1),I=1 ,N ODE S) T2D 01020
IF (ICC) 133 ,133 ,141 T2DO1~)iO
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1 3 3  1G( := 1
N T T l ~~N 1 1 120( 11050
1 4 1 1 = 1 4 1 1 + 1  T2 00l o o b
DC li4 I=l , N u 1D E S  12001070
I F  ( 1 4 8 ( I ) — i )  184 , 135 , 134 I2D 010 80

I .. (:0141 i’d .1 . T D OIO - 9b
135 N 1 l . S l ’ I  T29 011 1 u ( )

1 4 1 1 =  N I . ( N T E S T )  T2001 110
N L ( N T E S T ) = O  T200112O
DC 14 (1 1=1 ,1411 T2DOl13~

)
148420=148 (NIEST , 1) T2001 14°)
N I 1 1 . = N 1 . ( N CC) T2D01 150
DC 136 J=l ,NhLl, T2DO116O
IF  (NC( I -d CC , J ) - N T E S T )  136 , 137 , 136 T2001 170

136 C O N T I N U E  12 001180
137 IF 1 1 — 1 4 1 ( L )  138 , 14 ( 1 , 14 ( 1 T2D0 1190
138 JJ= (+l T21))11200

DC 139 K=JJ ,N1] .I. T2DOl2lO
KK=K—1 T2D01221)
DL (N CCC ,8N) =ioI .(NCCC ,K) T2D012 30

139 NC (Nod : ,KR =N(: (14008 ,K) TJDOlJ4o

1 40 N1 (NCCC)=NLLL— l T2D01250
GO To 102 T2D01260

141 NIT=NIT-N 1T1— l T2DOI27O
WRITE (3,144) NPR ,NODES ,LINK ,NIT1 ,NIT T2D01280
WRITE (2,144) NP R , N ODES ,LIN K ,N I T 1 , N I T  T2 00 12 9 1)
GO TO 101 T2DOI300
STOP T2D01310

C T2 00132 0
C 121)01330

142 FORMAT (49H DCA SYNCHRONIZATION SIMUIAi ))R DATA , CONTRO l. — T2)T2DO1 33O
143 FORMAT (IX ,3012) T2DO1350
144 FORMA T (5110) T2D01360

[NI) T2001370
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C DCA 1 1-d( T N I  l OR E L I S I E R  LII )000l ()
C 1.11)0002 1)

II ~0’Lfl’1 T I N 1 I - 4 . E R *~’ ( A _ 2 )  LI0000 3O
DIMENSI oN NR (bOO) ,14 2 (100) , I S ( l 0 0 )  , N ( ( I O O )  , IL (lOO) ,NC (lCc , IC) ,L11m0040

I N f l ( 1 0 0 ) , 1D( 100) , NI  100 1 ,DL (100,1O) ,B(1O) ,M1-1 (ic:) LI00005O
I N i n = 1  1. 10000( 0
BEAu (1 , 110) N I N , N F I N L I D 0 0 0 7 O
NC ( I N  I = 1 4 1 1 4 - 1 [1000080
IF (N C I h ’ N T )  103 , 103 , 101 J , I J S ) 0 0 9 0

101 DC 102 I= 1 , N ( CU N LIDO O100
102 READ (fc , b - N n ~ 3-. (4) 14}°R .N I I iE ,I I N K .NR ,NS ,Nt ,NI),N I ,14L ,DL ,III - I L I 0 0 0 1I O
103 N C O U N T = N u  :1 141 ~ 1 1 10001...0)

IF  (N84:I’NT. CT. NFIN) CO TO 109 L 1000130
REA D (h , E N I ) = 3 - 4  1.) N I ’R , NO DE S , I , INK , NR , NS , NU , NO , NL , NC , DL , M~t L T D O O I 4
(0) TO ( 1 O . , l0 5) ,  I N I )  LIDOOL5O

184 1140= 2 L l D O O 1h u o
WR I TE (3 , 111) N p R ,No)D1-:S ,LrNK LIDOO17O

0 1 0 85 L I DOO I 8O
GO TO 107 L ID O O I 9 I )

105 IND= l 1.1D00200
NN=27-NN LIDOO21O
DC 1(0 1=1 , 1414 L 1000220

100 i.,r RJT E  (3 , 112) L 1D00230
WRITE (3 , 113) N P R , N ODES , L INK L 1D 00240

107 DC 108 I=l ,NODES L1000250
N1 1.=N l,(1) LIDOO26O

108 WRITE (3,114) I ,NR(I),(NC(I,J),DL(I ,J),J=I ,NL L) L 1D00270
CO TO 103 L 1D00280

109 STOP LIDOO29O
C LIDOO300

110 FORMA T (213) LIDOO31O
111 FOR~MAT ( IH 1 , 9x , 8HPRCELE M , 13 , 1IH , N000 -:S= , 13 , IIH , LINKS=LIDOO32O

1 ,13//lOx , 11 01409K/i RANK ,3X , 29H(LINEI:fl TO NODE/PATH DF2~ERIT))LID0O33O
112 FORY~\T ( 1H ) L1D00340
113 FORMAT ( l O X , 8HPR CB I ,EM , 13 , l lH , N WES= , 13 , 1111 , 1,INKS= , 13/LI00035O

i / l O X , 11HN CDEI ~ RANK , 3X , 29H( 1,INI (EI ) TO NODE/PATH D E M E R I T ) )  1,1000360
1 1 - ’. FORMAT ( 1 IX , 13 , 4X , 1J , 2X , 1O( 13 , 1H / 1 2 ) )  l . I DOO37 O

END LIDOO3S()
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C ) ) ,\ l I - t i  R c [ T I 1 4 E  I-~OR R ,\ Nl00 0I - 1 N LI 1..,’( n R f :  , o R ( 8 4 N 1 / A T I O O N  H E S I ’ l . T S  PL 900 )) 10
C PL00002O

1081 N S I -  14 A (  11 . 4 ) ,  8 ( 1 1 , 5 ) ,  X ( 7 )  PL000030
: 1 1 8 1 . 14~~~1 . 0 1 ,  1BU 1 ( 1 0000 ) PLD0004~1

DATA \!]() . 15. , 1O. , 2 5 .  , 30 . , 4 .  , 5 . /  P l .D 00050
D A T A  A l ,  \2 , B l , B 2 / o )  . , 3 . , O . ,  3 .1  P1.000000

11) 1 CALl. PLI 1 f5 (I BUF , 1000 , 3 )  PL0000 70
102 REA D (I , 109 ,1141°- 107) I 5’18 PLD0008O

DC I 84 .11=1 , 12 }‘I .DO OHao
R I-I’ D (1 , I (u ° )  140085 , 1 . 1 1 4 1  , MA \ ’S , M. ’o l.’R PLD00 100
8 1NS=MA ’S P1 .1) 00) 110
I-I I N R MAVR P1.oaOl  J nj

MAX S =M.-\V S P1 1 fl )00~ 30
l° I 10 )1) I .4’)

DC 103 1=2 ,1 0 P1. 0 )0 1 50
READ (1. 11 °) 8,81 P 1.1 )1(1 ) 1  05)
MA\ ’ 5=8, ’ ’ . P 1.1)00170
M A V R = M A V R + M 1  1 0 1 1) 0 0 0 1 9 ~ )

IF  (I - i _ CT .I-L: ’:S) I-tA2~: S= M  I ° L D 0 0 1 0 0
I F  ( M . 1 . T . l t N : )  M 1 1 4 S ° ° M P1 .0 0 0 1(200
IF  ( M ~~.C T. MA X R )  MAXR=I-t1 ’i P L D O O 2 I ) ’
I F  ( 1 1 8 . L T . M I N R )  1 I I N R = I - L M  I ’H) 0022 0

103 0014111488 P1.0002 30
M A V S = M A V S / 4 0  1 0 1 . 1 4 1 0 0 ) .~ , 0

‘tAVR = I - IAV R/  40 I’I.1)~(02 5()
‘
~~~ (~; 0 1 ( E S_ 5 )  / 5 PLD OO 2 Io I

L = ( L I N K — 5 ) / 5  P 1.000270
P1.000280

B (1 ., 14) =MAV R P1.1)1)02 9(0

l ’ - 4 ( . 014 111483  P1 .1 ) 0 00 300
CAI.1. PLOT (10. ,—l 1 . ,—3 ) PLDOO3IO
CAI.L PLOT (O.,1.5 ,—3) PLD)))320
(A!.!. AJ’(IS (0. ,O. , l -IINUMB ER o F  LINKS ,— 15 ,6. , o. .5. , . ) PLD0 DJ3 ( )
CALL A X I S  ( 0 . , 0 , 2°9 H I ’iL\ N 0 ) IC A N I Z A T I I O N  ITTER A T 1 ON S , 20 , 9 . , 01 0 . ,

P1.00’) 150
CALL PL C (0. , 9 - , 3) P1 1)00 3
CAL!. P !.OT (6.  ,H . , 2)  PL 00036 ()
CALL PLOT ( I i .  , O. , 2 )  }‘l .D 0037O
DC 105 1=1 , 3 Pl.D00380
14 } o _ ~ 

_
~ PLD 0 ) (9;)

A (0 , I ) = ~\ 1 P 1 , 1 ) 0 0 4 0 ( 0
A U ,  I ) = A 2  P1 1)11(1410

105 C A l _ I ,  1. 1 NE ( X C I )  , A (  1 , 1) , N P , 1 , 1 , 1) UI 1)0)10 420
CAI .L S’n ’ M B O ) ! .  ( . 2 , 7 _ H , .  14 , 3 , 0 . , — 1 )  P 1.900.4 30
CA LL S YMB Ol .  ( 9 9 ° o . , °~ ‘0 ’) . , - 14 , 1 iH — ~0 1 4 0 0 9 1 . 5 , 0. , l i )  P l , l o o ) 4 - 4 0
CALL S Y M B o l .  ( . 2 , 7 .6 , .  14 , 2 , 0. , — l )  P 1 . 1 ) 0 ) 0 8 4  0

CALl . SY M B O l .  (999 .  , 9 ’ t ° ( . ,. l 4 ,11H — 14 N 0 I > l -~~ , O. . 11) P L I ) 0 0 4 0 o 1 ’
CAI.L S YMB (1 . ( - 2 , 7. 4 , - 14 , I , 0. , — 1 )  PLD OO4 70
CALL. si~U o o i  ( 4 0 0 . ,9oO . , - 1!. , 111 1 — 10 14084 (5 ,0. . 11) P 1.000480
CM l . PLOT (10 .  , — 1 i .  , — 3  P L I ) 0 0 4 9 o )
( :AL! .  PLOT (0. , 1 . 5 ,— 1) P!.D00500
CA!.!. AX!  I-; (0.  , O. , I 5HNUMBER OF !. I N K S , — 1 5 , 6. .0. .5.  , .)  PL I)005 l0
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- - I S  ( 0  . , ‘L . 31}{”i ,.\l. k h .o ° R ( ’ , \ \ l / . \ I l o n N  1l ’ Fl’ .RA!!-1 4 ,31 ,i-( . , I’Ll o ) 4 2 0
.81 ,812) P1,0(0530

i A l l  } ° l ° n l  ( 0 ) . , -‘~o . , 3) 1 0 1 00- 541)
0 A 1. i  Pl OT ( 0 .  . 5 . ,2) P1 .9-84450
CA l I 1 0 1 . 0 0 1’ (o- . , I) . , 2) PLD OI - ’
DC h 0 o ~ 1=1 , 3 P1 l o ’ ’OS 79
141 ’— r ’ —1 84 1 0 1 0 ) 1  550)

I ‘0 B 1  p I .D0 0 0 ; 4
8 ( 7 , 1 j  =8; P1.000600

100 CA l 1 1 4 1 0 . ( X ( ! )  , B ( 1 , 1 0 , 14P , 1 ,1 , I )  P 1 . D I H u o ; 1~~
CAl . 1  ‘ Y I -~f8 ‘ 1 ( .2 , 7 .  9 , - 14 , 3 , 0 . , — 1 )  P 1 . 1 1 0 0 . ,)

o A l l  Y~~i/. -: (~ ~~~~~ ~00 i . , . 1  84 110 — 20 N ’ : D I ’~ , C .  . 11) P1 .D0 ( i630
A 1 . i .  1 111’ ) L ( -  2 , . h , .  ‘4 ,2 ,0. , ‘I) PLD0 0 0 4 ’ t

, ,\ 1  1 - ( ° ‘ - . , ‘~~‘~~~~~- ,.14 ,110 — 15 14 0 01° , C . , 1 I )  P1.0 1) 650
0 A l 1 -189 . ’ ( . 2 , 7. .1 , . i- . , 1 . 0 ) .  , — I) P1,00060))
C , \ I. ( ~~~~~~~“ - ( 9 ’ o ’ . ~ ,0 4 9 . ,.1 -4 .l l H  — 10 No0l :S , C .  , ll )  PI .D 0~) 6 7 U
o;o ‘, I ‘; P1 111)0 81;

i ’, ]  C~~:.:. P 1_ or  (0 .  ,0 . ,~~~ - 

~
,) P LD 1 0 6 9 ( ’

S I u)I° P l , 1) )) ’ 0 7030
( ‘  l ’I 84 )171

1)01 ’ 15 ‘ 5 1 ’ ~1 (—.  o X , ‘o , I ’1 . I ) 0 (o 7 2 0
loL~ F ~~~~~ ( 1 0 X , - .1  l u )  PL900 73O
1 1 ’ )  0’ 81’T ( 0 0 0 : 1 , 2 1 10 )  PLD OO7 .1 I

I N :  1’I.DOO 750
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H I A N I ) A R I )  TEST NE’1’4~o BK

\pl ob :N 1) IX
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T€ s t 1°.’. t w o r ‘
~ I i o~t .9 Iv 1,1 i i i -  1 . - o m h ,  r-s

l ink N ° h , ’ N o ’ n l , ° 1.84 h .  1’. 0> l_ jro ~: ‘ ,, 0 , — ‘,,03,- I. gt io . Tvp ’’

001 001 0) 02  010 0)51 9.40 1 1 0  1)20)

1 0 0 ) 1  001 003 005 I-I 052 0-1 3 0 4 5  01s
(00 1 002 003 00.8 I-I ( I ’S ( 055 0.0 011) 5’

1)10-I 1)0 3 ( ( 0 4  110 ‘‘ 05 °. 140 057 015
005 0 ) 02  : ) I ) . ~ 010 I-I 054 057 058 010 W
0 0 ) 9  004 022 1 0 0 1 1  I-I ( > 0, 055 058 015
007 1) 22 0 2 3  020 1 057 0 18 051 ~) l 5
008 023 02 3 1,41 ) I-i 059 0 4 ) )  051 015
009 02-4 025 030 M 059 051) 053 015
010 021  025 0 1(1 M 0 0 ,0 052 053 1)30 W
011 0 ) 25  020 010 M ( ( h i  052 O’ o - I 025 5’
0 12  0 ) 2 1  02 6 010 1’~ 002 ( ( 4 0 3 044  01 0
013 025 031 015 8 0o3 00-4 010 010
014  026 031 020 8 0 ) 0 0 . 1  010 013 015 W
015 123 029 030 8 (( 65 0 ) 0 .4  007 005
010 038 050 020  I - I -oo6 007 008 1)1 1

017 050 ‘052 1 ) 2 ) 0  8 36 7 1)08 011 005
01 9  (‘b 052 020 M 069 011 010 005 4;
019 111)9 : 0 0 0)  010 8 1)09 014 015 005
020 009 012 005 8 070 1) 13 015 0 ) 0 ) 2
O.~1 ( o i l  012 005 8 071 021 026 010 U
022 057 059 015 8 072 026 031 020 U
023 058 059 010 M 073 008 009 004 W
1) 24 014 016 030 M 074 009 010 010 U
025 016 017 020 M 075 012 013 003 U
!)‘( 017 018 040 M 076 011 012 002 W
027  018 020 030 M 077 018 019 015 U
328 020 021 030 M 078 003 004 010 U
029 017 019 040 M 079 021 026 010 W
030 001 008 015 8 080 032 033 010 W
031 004 027 030 M 081 026 032 100 T
032 027 028 025 M 082 033 034 280 T
0 3 3  023 028 025 8 083 034 035 150 1
034 043 044 020 M 084 035 0 3 6  100 T
035 044 0 4 5  ) fln 1( M 085 037 038 200 T
036 045 046 030 11 086 014 019 090 T
037 0’.° , ‘ 1 7  020 087 019 02 1 091) 1
038 047 048 025 M 088 013 02i 170 1
(849 048 049 025 I-I 089 029 030 12 ( 1 1
~)40 O i o  037 020 8 090 03 1 043 150 T
041 049 056 020 M 091 001 043 400 S
042 056 057 015 8 092 001 049 550 S
043 031 039 030 M 093 043 049 180 S
044 039 040 030 M 094 0 3 4  043 200 S
045 040 041 020 M 095 026 0 ) -b 350 S
046 (04 1 1)4,0 020 8 0096 1) 34 038 450 S
047 1)42 043 030 8 09 7 001 059 690 S
048 001 005 030 M l l ° ° ,9 0) 2 6  038 800 S
O4~ 005 006 030 M (0°) 02o 1)38 800 R
05° )  001 006 030 M 100 030 043 200 R
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T~~~t 1 , > ).~~ik I i ’ ’ t o ol by F i r s t  N- - - l e Nioi rolo ’ -r

1.ink N ’ o d t ’ — N . odo ’ I ~‘ 0. 1’’.!-> l ink 1,:’l~- -14- - ; -  !.g(h. ‘I V I -

00 1 001 1 0 ) ) . ’ 0 10  1 0 1 3  025 031 015 8
002 001 003 0 0 ) 4  8 0 12 026 031 020 W
030 001 008 015 8 0 1-b  026 011 1) 21 )  M
055 001 005 030 8 095 026 (034 350 S
04o 001 Oflo 030 8 081 026 032 100 1

841 001 ‘84 3 400 S 098 (326 038 800 S
‘92 001 1) 4 9  550 S 099 026 038 800 R

0° ) ’ 001 059 600 S 032 027 028 025 8
003 002 003 008 8 098 029 030 120 1
005 002 844 010 8 100 030 043 200 B
078 003 004 010 W 090 031 043 150 1
004 003 004 010 M 043 031 9 ( 0 ’) 030 8
065 004 007 005 W 080 032 033 010 U
031 004 027 030 M 082 033 ( 0 ) !> 280 T
019 004 009 010 8 083 034 035 150 T
0 ) 00 1) 1) 4 022 060 8 096 034 038 450 S
0 6 3  004 010 010 U 094 034 0 ) 43  200 S
1)49 005 006 030 8 084 035 O l o 100 1
066 007 008 010 w 040 036 037 020 M
067 008 011 005 W 085 037 038 200 1
073 008 009 004 W 057 038 051 015 W
020 009 012 005 M 016 038 050 020 8
0 7 4  009 010 010 W 044 039 040 030 8
064 010 013 015 W 045 040 041 020 M
068 010 011 005 W 046 041 042 030 M
0 7 6  011 012 002 W 047 042 043 030 M
075 012 013 003 W 093 043 049 180 S
021 012 012 005 M 034 043 044 020 8
‘(88 0 13 021 170 T 035 044 045 060 8
070 013 015 002 W 036 045 046 030 8
069 014 015 005 W 037 046 047 020 M
096 014 019 090 1 038 047 048 025 M
024 014 016 030 M 039 048 049 025 M
025 016 017 020 8 018 049 052 020 8
029 017 019 11-4 0 M 052 049 054 010 W
0)26 017 018 040 M 041 049 056 020 M
027 018 020 030 M 051 049 056 020 W
077 018 019 015 W 052 049 055 015 W
087 019 021 080 T 017 050 052 020 M
028 020 021 030 I-I 058 050 051 015 W
071 021 026 010 W 059 050 053 015 W
079 021 026 010 w 061 052 054 025 W
010 021 025 010 M 060 052 053 030 W
012 021 02 6 010 M 053 055 056 010 W
007 022 023 020 I-I 056 055 058 1) 1 5  W
008 023 023 (04)) M 054 056 057 015 W
033 023 028 025 M 1) 42 056 057 015 M
015 023 02 9 030 8 055 057 058 010
009 024 025 030 M 022 057 059 015 8
011 025 020 010 8 023 058 059 1)1 (3 8
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Mrruc SYSTEM

BASE UNITS:

Quantit y n o, SI Syrn~~.I Foormuj a

I.-ngt h m,-i re mmass kilograni k g
time se~ ,,nd
e)e, lr,i. 0 un-en) ampere At hprni o oj vna mio iem~~~’ahjre kel’s i n
amount of subitance mole mollum inous int ensi ty andela cd

SUPP L MUJT~ iy ~~ rrs
plane ang le ra d ian radsolid ang le steradian Sr

OERIVFI) UNITS
A cpler.tio n metr e per second squar ed misa , t o v : t ~ (o f a radioactive sou r> .- , dix> ntegzation per second ( d is integrat ion) ,ango la, s ’xeler a) ion radian pet second squared radosang ular ve locity ra di an per second red sarea Square metre mde n s i t ~ kilogram per c ub i. metre k g ’ me lec tri c (ap ac i t enc.- farad I.
elec tyi cal conduc t anc e Siem ens Se lec-tr u f ield stren gth v o lt per metre V mc i.--> b’~ in du ctance henry (3 V~sAelec tric pot entia l differen ce vo lt V W’Aelec tr ic resistance ohm V :Aelec t romot ive force volt V W’Aenergy joule I N-rnent rop~ j oule per kelv i n (1~.forte newton kg.rn sfr equency hert z Hz Lcyclej/sil luminanc e lus lx 1mmlum inance cande la per square met re cdo mluminou s flux lumen lm cd s rmagnetic f ield strength ampere per met re AImmagnet ic flux weber Wb V ’smagnet ic fl ux density teals i Wbdrnmag netomo tl v e for c e ampere Apower  wet) W l’spressure pasca l Pa N-rnqu an tity of electric ity coulomb C A-squ anti ty of heat jou le N.mradiant inte nsit y watt per s t . -rad ian %-S s rspecifi c heat ou le per kil o g ra m-ke lvin J ik g4.stres s psar.~l Pa N-rnth erma l conductivity watt per metr e.ke lv ,n W rn- k.veiotfty metre per seco nd m sv is c os it y , dynimic psacal .second

viscos ity , k~n.xnatIc square metre per sec r,nd fl/s
vo l t V ~V Avo lum, cub ic met re mwav enum bet’ reci pr w a l met re (wa ve lo m

~sor k joule J N.m
St P1mX ES

Multiplication Facto rs Prefix SI Sy m~~.l
1000 000 (%K0000 = 1( i 01 ten

1 000 000 000 “ 10’ giga
1 000 900 - 1 0~ meg. M

1 000 10’ kilo k100 - 10’ hec t~ ’ h10= 0 deks ’ di
0 1  - 10’ did ’ d

0 0 1  — 1tJ ~~ (e nt j
000 1 1 0 ’  mil li m0) (040(0 (Xl i 10- • ml>.rn0 000 isx) 001 I i)- ’  nino0 tKMl (XX) (XW (14)1 10 ‘ plo i i p0 04io 00(100(1 Qoo (14)1 i t t  ‘ fismo,it (XXI 000 000 (XX) 000 001 lii “ •it>, C

Ti, be avoi ded svbere posaibli.



MISSION
of

Rame Air Development Center

RAX plans and conducts research, exploratory and advanced
developnent programs in command , control, and coninunications
(C3) activities, and in the C3 areas of infor-rnatior. sci ences
and intelligence. The principal technical mission areas
are communications , electromagnetic guidan ce and control ,
surveillance of ground and aerospace objects, intelligence
data collection and handling, information system t.chnology ,
ionospheric propagation, solid state sciences , microwave
physics and electronic reliability, maintainability and
compatibi l i ty .
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