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The termination operations for the simulation module of the termination
eonti'ol module T are as follows:

1.) Perform normal simulation and coordination activities until
every input port which is not in frem_clusr has received a time
packet with value ®

2.) When there is no way for the module to fire without
receiving more data packets, send fest packets (test.+) from all
output ports in to_classy.

3.) wutunmkustpncmhawbunrwvdonthemﬂn
ports, where :
K=14+ z (Ito_classtl - 1),

In. this equation, lto_clmtl. is the number of output ports of
- module M, wlnch ‘are connected to input ports of other modules ia
the class.

-4.)) If any data or time packets are received while waiting for the
test packets, continue with the simulation and coordination
operations for the module,

§.) Determine the validity of the test as follows:

a.) If all K test packets have value test.+, and no data
packets were received while waiting for the test packets,
then send time packets (w} from all output ports of the
module,

b.) If at least one of the returning test packets has value
test.- or a data packet was received while waiting for the
test packets, then send packets (reset) from all output ports
in to_classy, wait for K (reset) packets to return, and go to
step 1.

8.) Once time packets (o) have been received on all input ports of
the simulation module, terminate the simulation of the module.

For every other module M j in the class, the termination operations for the

simulation module are as follows:

1.) m@wummmmmum-
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shown that a test will suceed, once the termination conditions are satisfied. -

Conclusion

The relatively simple coordination operations of Chap%er 3, which are
designed to keep the dmuhﬁm from deadlocking, created a much. more difficult
problem of terminating the simulation. .Thc solution of this problem requires
both }eom.promumg the modularity of design of the jsimulafu.on modules to some
dégree and ‘also uldlu termination operations which are more complex than the
original coordination opo'tau(m'sl.‘ This lack of modularity and greater complexity
makes the eorrectnm of the termination operations more difficuit to provotlum

the correctness of the simulation and coordination operations.

.liowewr, thé termination operations do satisfy the design goals for the
simulation. The simulation remains a packet communication architecture system
in which all communication is in the form of packets, the dmuhuon modules
are autpnomous, and the design is time-independent. Furthermore, while the
termination operations are more complex than the coordination operations, theu'
implementation should not be particularly difficult, and they are efficiemt

enough to have little effect om the speed of the simulation.



mmnmwmmmwmmm

modifisetions, hmwmmw in Chepter 3,



will still apply.

Modules which Compute Monotone Functions

Many of the packet communication architecture modules which have been
designed to am' compute monotone functions over their histories. That is, if
the module produces an output history H0; when given the input history HI,,
and an output history H0, when started in the same initial state and presented
with an input history HI,, where

HI, C HI,,

HO, C HO,.
"Modules - which computo' monotone functions over their histories are
characterlud.by the property that the decision about which input packets are
absorbed from each fnput port and used in a particular firing is independent of

the arrival times of any input packets.

In particular, any dmimlm module computes a mopotone functionm,
where a determinate module [12,18] is a module for which the sequences of
output packets »s;nt .from the output ports depend only on the sequences of
input packsets arriving at the input ports, and not on their arrival times. For
example, the "functional operator and switch modules of Chapter 1 are
determinate modules. |

\

One would expect many packet communication architecture modules to be

determinate, since thiy embody the uitimate form of time-independent operation.
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module for an ADD module has not received any data packets, and tasty = 108,
and tlasty = 19, then the firing of the module for any time less than or equal to
100 will never be simulated, even if a packet with time value 11 is ;eceived on
input port 2. The coordination operauons' are overly cautious. They assume
only something which is true for any module - if there are not sufficient
packets for the module to fire, then the module cannot fire before the arrival
of the next packet. If the coordination operations could take advantage of the
firing requirements for a module, then it could often calculate values of tfout

which are higher than those obtained by the method of Chapter 3.

.Any change in the method of calculating fout, will inevitably be more
complex than the calculation
tout = 3% (tlast‘)' + Jcla,.
Hence, the strength of the calculation, that is the closeness. to the maximum
possible value, must be balanced with the simplicity of - the. calcnlation. The
following method of calculating fout Tepresents a particular compromise between
strength and simplicity. It is very simple yet seems to be reasonabdbly strong for

many modules,

Expressing the Firing Requirements

First, a method of specifying under what conditions a module might fire is
required. For any module, a boolean-valued function F can be given which
takes as arguments the values of pj. 1sjsn, where p, is thg number of packets
present at input port {;. If |

F(PI'Pz""'PI) s truse,
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- form:

F(pgapareeerpy) =

Upgecgy) A (po2cag) A vov A (pe2cyq)]

v Upgecga) A (po2cgy) A oo A (ppc,0)]

- v Lpgrege) A (p22c2;) A eoe A (ppRegll,
in which each c, i is some constant greater than or equal to zero. This form of
the equation is called the sum of products form. Note that if cp; = 8, then the
predicate (py2c, ;) must have value trus, thus these factors can be omitted from
the equation. Equations with all factors of the form‘ (pp28) removed are in
redﬁced sum of products form. In the preceding examples, the functions Fm-

Farge @and F,_ are expressed in reduced sum of products form.

Many functions cannot be expressed in this sum of products form. In
fact, only those functions for which .
Flpgopareesrpy) = true
implies that for any values, k,.kz.....k,‘ 28,
Flpgthgspatha,os,pyvhy) = trus,
can be expressed in this form. However, for any function F we can always
find a "weaker" function F’, guch that if |
Flpgopaieseipy) = true
then -

, F' (’I'PZ’ono'p.) - !ru',
and an equaﬁon for F' can be expresaad in sum of products form.

A sum of products equation for F can be translated into an equation for
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Even if the function F has value irye at some point in the simulation, if the

daﬁ packets with time values .leu than or equal to ;g;n(tlut*)' are not
' sufficient for the module to fire, then 10 data packets can be produced with
time values less than or equal to 1;""'" (tlasty) + delay. 'l'h\u. the calculation of
toutr must take the maximum of the two Meuou‘of the minimum output

time - that based on the function F, and that based on the values of tlasty.

For example, for the ADD module the equation is
tout.- Max( nl’n(tlm‘.tlmz)‘ddcy 3 m(_!n.tm)mlay-c 1
For the arbiter, the equation is |
tout = MAXL wintelasty, tlasto) +delay 3 winityq,toq) delay-c ],
= min(tlasty,tlasty) + delay.
This equstion degenerates to the original squation for fewt. Finally, for the
function F,., the equation is .
| tout = WXL NI (dlasty) +delay 3 Bedelay-c ]
e, (tiasty) + delay.

" 1ssn

This equation also degenerates to the original equation for fout.

Correctness of the Oulcﬁlatlon |

‘this modified method of calculating fout will not cause the simulation to
violate any of the three requirements: correct module simulation, correct ?mkrin'g
of output packets, or @rtntv’eoordimtion. Hence, the COrrectno:; of Simulation
Theorem given in A_ppendt'x | 2 will still apply. Clearly the ’cotroet module
simulation requirement will atill hold, since this modification will not affect the

daumhuproaucedbythomoqnhmthenmuhuon.
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loops a number of times just to fire a module once can be reduced. For
exampls, suppose the module M, of Figure 5.1 obeys the function
| | Fipgpg) = (p2l) A (1),
Using the original mothod of calculating fout, ftout = min(10,188) + 2 = 12. Thus
a time packet (12) would be sent to My, which would send back a time packet
(13) and 0 on, untll after M, has sent 30 time packets, it would finally
receive the packet (188) and the firing at time 188 could be simulated. If
insteed we use the calculation
tout = MAX[ win(10,100)42 ; max(18,100)+2-8.881 ] - 161.939,

the time packet (101.339) could be sent to M, which would send back
(102.933), and the firing of the module could be simulated. Thus, the
tiductﬁul in the number of packets sent dhudn( thn simulation can be ﬁ‘tr

large.

COOCLLO NGt tbttr bttt ttbbtr sttt btbbbbbbbhbttbttbbbbtbbtbbttbtbbttbbbbsbbbsd

M2
delay = 1
(x,18)
M
(y,1060)
—@—> delay =2

M3
{x,50)

quc.x-smwmhmumuuummuymw
touz Calculations.




ﬁnmdwhummhhmwm
mwdibw hﬁ-m Ml,wuummtb
mtmmmuwwmwnmmm
mmnmmnmuml,mumma,al,
”mumﬁaﬁamwmummnquwsem

;'l,,nmmumm-m wmmmm
mummhmmmmmma
Wmmammummum

s

s wers chamm, s . they can be easlly
wmuﬂnﬁﬁdmwOMmWhhmh
-mmdmmaouu—mmm
‘mmcmwm



- 83 -

Chapter 6
Conolusion

Insights and Afterthoughts

As has been demonstrated here, it is indeed possible for the simulation of a
packet communication architecture Mm to  itself fulfill the design
Philosophies . of packet communication architecture, The modularity and
time-independence of the simulation allows it to be performed by virtually any
computer system which supports intercommunicating processes. Furthermore,
the opo:ations which must be performed for each module in the system are
reasonably simple and therefore can be executed by small processors such as

microprocessors.

The methods which have been developed here are very general as 'well.
Few restrictions are placed on either the characteristics of the modules in the
system or on how these modules are interconnected. Moreover, the methods are
provably correct, which is an important feature for any asynchronous, parallel
computation, due to the numerous and often subtle difficulties which are

encountered in the design of such systems.

The coordination and termination operations are simple enough to use lonly
a small fraction of the simulation module's processing. time. However, it is
difficult to esumaté what fraction of the ﬁrocessing time will be spent waiting
for the necessary time or data packets. This will depend a great deal on the

structure of the simulation facility and on the system to dbe simulated. Thus, it
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The design of overhead computations for. parallel systems is still in a
rather primmﬁ state. Other parallel computer m, such as Nliac IV [3J.
are mmu:ﬁ in such a way that tho amount of overhead operartions is
minimized. These systems contain central controllers which tightly control the
operations of the components, thereby avoiding the need for the processors to
_communicate their status with one another. Because of the rigid control
structure, however, it is difficult forthannrtommzmcha.lynamtom
efficiently. These systems are suitable only for applications in which the

structmotthnd;oﬂthmcloulymtchuthoﬂmctmoftho‘mum.

Packet eommnnlcqtlpn archltocturo systems, with their decentralized control
and time-independent operation are potentially much more ﬁoxiblo and general
purpose than oinqr parallel systems. However, along with this increased
mamw comes a need for the components of the system to keep their
activities coordinated properly. The design of overhead operations for these
mmﬁ@mwmumwrmtrﬁnmmmdu
designing traditional systems. The overhead eompnuuop.s incorporated in each
component of the system can utma;i only a limited amount of information about
the rest of the system. For example, the only information about the status of
the rest of the system available to the coordination and termination operations
of each simulation module is in the form of time and test packets received at
the input ports. Overhesd operations which can be "modularized” in this
fashion seem. rithor"form. partly because they have no locus of control.

Instead, the operations take place in many locations simultaneously.
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packet communicstion architecture systems can be simulsted. In particular, a
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means of programming the simulation modules is needed. ldsally, the user of a
simulation factlity should be able o specify the operations of the components of
the actual system in a high-level languags, such as the Architecture Description
Language of Leung, e¢ al [14]. Thess specifications would then be translated
into programs for the simulation modules by an ADL compiler. The user should
not be concerned with the eoordinatlon and termination operations, nor with the
details of the module activity simulation. Fortunately, the coordination and
termination operations 'm'dmplg_ and uniform enough that they will not
increase thie complexity of this transiation grestly. The major difficulty is the
m of a language whlchallows the specification of a wide variety of
systems in a concise and understandsble form, but can be translated into
prccrm for the simulstion modules. With the increasing interest in parallel,
asynchronous. oompqtin; systems, a convenient and efficient means of simulating
themwlllbye:utﬁult@tbdﬁetyrminethahﬂdm.r

The other potential direction for further research is to apply some of the
t-chnlqma:n,diuuhuwmchhavcbeendawlomnmtoothum. One .
direct application would be to the simulation of systems which are mot strictly
packet communication architecture systems, Some systems which are eominonly
simulated, such as air traffic control models, have the essential properties of
pecket communication architecture design. That is, the system. can be
subdivided into a number of components which operate independently and
communicate with each other only in a limited and well-definéd manner. For

example, an air traffic control model can be subdivided into geographic regions.
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WWMMdWMMMthm

-nchrommuu. mw«“mmbamw
mtmmmhmubmm - For example, the

suthor [4]'umm,;mm,m¢um'mmm flow
language of Weag (23] is extsnded 10 include both cycles and acndeterminacy.
' This desdlock oocurs after all computetion by the progrem is completed, but the
program fails to Tecogaize that it u‘mmmm(-._ mmm be
avolded by sidiag more dsta flow actors to the Jeogrem 1o pecform the
overhead computstions are very similar %0 the termimstion operations of the

 To design the overhest operatims for a wider class of parallel,
mmmmm.mmmmnuw
m.-mMuhmmm"-muam-m
mwmwmumuhwanuua‘mwm.
programs which include all of the nesded overhesd operstions. Thess programs
,mm-hmnnmmm«a:mmmuwtm
mﬂmmrmummmmhimm



Thus, while the focus of this work was on simulating a particular type of
computer system in a particular manner, some of the techniques and concepts

which were developed here have much broader areas of application.
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Appendix 1

Correctness of the System Simulation

The fonoMu proof shows that the simulation operations of Chai:ter. 2,
egmblnod with ﬁu coordination operations of Chapter 3 will give a simulation

which accurately models the actual system.

Before proceeding with the proof, some additional notation ‘is needed. For
an input port {p of a simulation module, the value of tlasty 1is thq last time
ﬁluo received on that input port Thus, for an input port simulation history,
we can define a function Tlast ivhgre Tlast(hsi,) equals the. minimum ' value
of t, Bstso, such &t -hsi,.(t) = hsi,. Similarly, for an output pan o, of a
module, tlcst-o;a,. equals thev last time value aqnt trom the .port. Thus, a
function Tlast-out can be defined for ocutput port simulation histories, where
Tlast-out(hso,) equals the minimum value of ?, @stsw, such that hso,(t) =

hso,.

Finally, for a module input simulation history HSI the function Tfinal is
defined as: |
. Teinal (HSD) = 5% (Tiast(hsiy)),
where
HSI = <hsig hsi,, . . . ,hsip.

This function can be applied to system input simulation histories as well.
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" datatHSOUAnaD) = HO” (final).
Bytho statement of the lemma, ¢ 5 ffinel, therefore
data(HSO(1) = HO" ).

Thus
detatMSOt)) = HO* () = NOtD. -
This lemima will allow us to losk  omly at the input data packets with
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Basi: ! = 0.
. 8).  Initilly, m,m«u HO 48} = the empty Mistery, for W‘f
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tlast-out, = © 2 £ 2 ty,q.
That is, some packet with time value greater than ‘l#l‘ will be produced on
each output port, unless f;,; = . Thus, for any output port o, in the
nﬁnhuon,'-mngr

hso,(7),;) c hso,,

f141 = o,

" Therefore, by induction

tol_'ahymodulelj'ln the system.

Finally, to show that the module M; would have the same final state Sy in
both the simulation and the actual system, if ffina! = ®, we have just shown
that data(HS0,(tfinal)) = HO(tfinal), for any module Mj. Furthermote, for the
system- input ports, .the statement of the theorem requires that data(SI) = I.
Thus, if the communication links between simulation modules operate correctly,
and {fingl = |

data(HSI ;) -'HII.
toranympdulolj. B}tixeshhmentofthothmm,lluswmthe same
nitial state Sp in both the simulation and the actual system, therefore by the
correct module simulation requirement, if ffina! = ®» and the simulation module
terminates, then both the simulation module and the actual module must have

the same final state.



- 108 -

This completes the proof of the correctness of the simulation operations of

Chapter 2 combined with the coordination operations of Chapter 3.
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and it receives no further data packets while waiting for the returning test
packets, this means that

i.) All simulation modules M; ¢ C_, have received time packets ()
on all input ports ¢, ¢ frenu:lust. ‘

2.) No simulation module M, eclcanslmulatothonrtuofa
meﬁnhmmmtmmmm

3.) No simulation nnduk in C; will ever receive further data
‘packets,

The following sequence of assertions proves unm 2.1

1) If every simulation module M; ¢ C, is terminateble, meaning that it
receives a time packst () on every input port which is not in lrom_slus‘. and
it eventually stops simulating the firing of the module, then during a test (or
reset) of the class ,C] |

a.) mnmammmml,mc,wmm“atmstonem

(or reset) packet.

b.) mactlyk test (or reset) packsts will be created, where
Ke14+ 3 (jtoclassyl - 1).
Ittcl

c.) At least one test (or reset) packet will be received on each

input port in Trom_class; rorcmyltecj
Assertion '1a) can be shown by .induction on the length of the shortest
plthMT‘tolt (there must be a path from T to any other module in a
connectivity class.) As a besis, if / = 1, then T — M. li will receive a test
(or reset) pncknt:hortlqur T sends out test (or reset) packets from each

output port o) ¢ to_classy. Now assume the assertion is true for all simulation
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Thus, this class will terminate once the termination conditions are satisfied.
For conpectivity classes containing cycles, it must be shown thit once the
connectivity class reaches the conditions for termination, any previous test or
reset will be completed, a new test of the class will be initiated, and this test

will succeed. These requirements are stated in the following lemma:

Lemma 2.2. Eventual Termination

A.) Completion of a Test or Reset

Suppose the termination control module T for a class C j sends a test (or
reset) packet from each output port o) in to_classy. If every simulation module
M; in C j is terminatable, meaning it eventually receives time packets (o) on
every input port {; which is not in from_class;, and -it eventually stops
simulating the firing of - the module, then all simulation modules in the class
will receive at least one test (or reset) packet, and'l'wnlomtuanyreceivok
test (or reset) packets, where ‘

K=1les z (Ito_classtl -1).
ItICJ

B.) Eventual Success of Test

Suppose every simulation module M; in C j reaches a state in which time
packets () have been received on all input ports which are not in from_classg,
no firings can be simulated without receiving more data packets, and no more
data packets will ever be received by M;. 'l'hen'l'wmsendouttutpackcu,
(test.+) from all output ports in to_classy, and it will eventually receive K
(test.+) packets in return without receiving any further data packets.

C.) Termination after Suecessful Test

If T sends out time packets () on all of fts output ports, then every
simulation module M; in the class will eventually receive time packets () on
all input ports and hence will terminate.

The following sequence of assertions proves each part of Lemma 2.2:

A.) Completion of a Test or Pesst.
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receives its first test packet and the time it receives its last test packet, it will
send out (test.+) packets as long as it receives (test.+) packets. By our
assumption, no simulation modules will receive data packets once the test has
started. Therefore, since T starts the test by sending (test.+) ‘pa'ckets..b'y part
A) of the lemma, K (test.+) will be created, and T will eventually receive K
(test.+) packets. Thus, the test will succeed once the termination conditions

for the class mutuﬁed.

C.) Termination after a Successful Test.
snpmqudadmmMmeumc.m {0) from all

output ports.

1.) Every simnlation module M; in C; will receive at least one time packet (w)

on some imput port {, in from_class,.

MmbeshownbyhducﬂononthqlangthofthcshoﬂeapathfminT
to My. In fact, the proof is virtually identical to the proof of assertion 1a) in

the proof of Lemma z;l.

2.) Every simulation module M, ¢ C; will receive time packets (®) on every
* %t ]

input port.

In order for the test to succeed, N; must have received time packets (o)
on every input port which is not in from_class;. Furthermore, by assertion 1)
any module M; ‘e C, connected to M; must receive at least one time packet (o)

on .mﬁ input port {, ¢ from.class;. Hence, it will send out time packets (o)
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