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CHAPTER 1 INTRCDUCTION

1.1 Cbtjective

The purrecse of this thesis is to investigate distri-
tuted computation by using the follcwing di%ferent models:
the hierarchical model, the CPU cache model, the wuser-
server model, the pool prrocessor model and the data flow
model. This research also rresents functions, characteris-
tics and arrlicatiors of distributed computation by

descritirg various current implementation of these models.

1.2 Definition of distridbuted system

e s =S & —_—_— e e E e e St e mmese IS o

Fnslow (1€72) defines a distributed system as a
system-wide operatirg system with services requested by
nare, rather than ty location. In other words, the user of
a distributed system shculd not te aware that there are
mvltirle processors; it should look like a virtual unipro-
cesscr. Allocation of Jjobs to Irocessors, ©PpProcesscrs
schedulirg, allocation of files to disks, movement of
files tetween where they are stored and where there are

needed, arnd all other system function must be

autoratic.[1]

1.3 Lefipition of distributed computatior

-——— e - - ——— - —-— e o —— e e - - - -

“""liJfnslow, P.R., Jr., ¥hat is a distributed data pro-
cessing system?”, Computer, vol 11, pr.13-21, Jan. 1£78.



A distributed computation 1is a computation parti-
ticred irto pieces and implemented on different physically
autonomous machines in the computer communication network.

The computation may te user protlems, tasks, procedures,

progrars, etc.

The traditional method for solving 1large, complex
rrotlers on a computer has been to partition the protlem
intc many smaller components, each of which is capable of
being rrocessed ty an individual programmer. Once the com-
ronents of the solution have teen developed, we typically
merée all elements of the solution into one large program
on a single machine and collect all data to te processed
in data bases on the same machine. As the problems to be
solved grow increasingly large and complex, our tradi-
tional arproaches seem to te less and less effective. The
reascn is that we use a single computer to solve the
entire protler and do rot allow the variations in hardware
and software architectures that make it easier to process
varicus elements of & tTroblem in different machine
environments that are available in a typical large system.
We require that all data be physically located on onme sys-
tem, even though for many decentralized organizations,
much data could ©be collected and stored locally without

any adverse affect on the operation of central facilities.



Distributed corputing systems provide an attractive
alternative for the implementation of complex systems. In
@ distributed network, many autonomous machines cooperate
tc solve a large rrotlem with each machine manipulating
only @ small manageable piece of the whole. The general
rrorerties of such distrituted networks are:

Frograms in different machines can exchange data in
real time, on a cooperative basis.

. Resources such as reripheral devices, files, and
data bases can be shared across system boundaries.

A program on one system can activate programs on
other systems so that multi-tasking can be effected across

system tourdaries.

In order to understand distrituted computation, we
now introduce five different models to descrite it. These
models differ in the following ways:

(1) Different network structures - We cover from
'loosely coupled long-haul networks, such as the hierarchi-
cal model and CPU cache model, to tightly coupled data
flow machines, such as the data flow model.

(z) Different methods of distributed computation -
According to different network structures, we have dif-
ferent methods of distributed computation. We deal with
the trrcblem cf how to achieve distributed computation for

each network structure. More detailed discussion will ‘%be

given in Charter 2.



(&Y
(&)
I—
=]
(a4
-
o
[« V)
o
e}
(o d
[y
o
o]
o
]
sy
e
<
]
3
o
A
L
—r
wn

[
Itn
.
-
.
-3
o
m
=
(Y
1]
g ]
41}
g ]
(¢}
=
[y
[¢]
[+]}
[
3
o
[= 1)
1]
[

The hierarchical model is commonly wused in a
hierarchicel organized distributed computer system. It has
a tree structure shcwn in Figure 1-1, with increasingly
powerful computers as one progresses from the leaves of
the tree to the root. This model has one unique charac-
teristic, that is, the machine of the root always coordi-
nates all comrutation. Each level performs its function ty
using a computer sufficiently powerful to handle the vari-
ous corrutations required at that 1level. For example,
micrcccmputers 1irn a supermarket can control equipment and
ccllect data, sending them to minicomputer in a factcry
for aralyzing and storing data for 1local aqueries.
¥inally, each minicomputer sends local information to a

lerge rainfrare at the headquarters.

-------- Mainframe coordinating
' | all comrutation

1
--&ﬁ’//j:jj\\\>>-- Miricomruter analyzing

| i P ! and storing data

_Z/7§L -Z7§5~ -Z\\ﬁv Microcomputer controlling

1t 11 11 lequipmert and collecting data



1.2.2. The CPU cache model

The CPU cache model shown in Figure 1-2 has two lev-
els of computers, each user has a minicomputer connected
tetween his termiral and the large central computer. Part
of the computation is done on the central computer and
part or the minicompruter depending cn the current workload
of either computer. How to allocate the tasks to each
rrocessor to find the minimum total running time and
interrrcocessor comrunication cost 4is the most important

guesticn with this model.

Tre CPU cache model, also called the task allocation

model, allocates arplication tasks among processors in

0
I
!
I |
I I
i
--—- { Central Po--—-
o-—-| {-—E computer E--I i=-0
=T I I ===
_____-? _____ ‘
- Minicomputer
| |
|
0 Terminal



distrituted computing systems satisfying : (1) minirum
irterrrocessor ccmmunication cost, (2) balanced utiliza-
tion of each processors, and (3) all engineering applica-
tion requirements. Several approaches to the task alloca-
tion problem have been identified. They are basically
grark theoretical 2] , integer rrogramming(2] [4], and
heuristic methods([5].

1.5.3 The user-server model

As the power of the individual user’s personal com-
ruters 1increases and their rrice decreases, the user-
server model which does not have a central computer
tecores feasible. The personal comruters of all the users
are ccrnected by a high sreed local network to allow users
to share data, send mail to each other and share expensive
perirherals. In this model, shown in Figure 1-3, most of
the corputation will be done on the individuval user’s per-
sonal computer. Specialized corputations will be carried

ott by various server machines. Possitle services to bte

[2)Stone, B.S., "Multiprocessor scheduling with the aid
of rpetwork flow algorithm , IEKEF Trens. Software Eng.,
vol. Sk-Z, pp.85-€3, Jan. 1€77. .

[2]F1-Dessouki, O.I. and BHuan, W.EH., Distritutead
enureration on network computers , IEEE Trans.Comput.,
vol.C-2S, ppels-825, Sept, 1980.

[4]Chu, W.W., Optimal file allocation in & multirle
computing system”, IEEE Trans.Comput.,vol.C-1f, pp£e5-889,

Oct. 1€69. "
[¢]Gylys, V.B. and Fdwerds, J.A., Optimal partitioning

of werkload for distrituted systems , in Dig. COMPCON Fall
1676, 1p.383-357.



rrovided include

allocating,

¢t time of day provided

by time server;

return, reading and writing a disk block pro-

vided ty disk servers; file storage and retrieval provided

ty file servers and data tase managements provided ty data

tese servers.[6],

(7]

Termingl-—====—-

Personal
CFU

Authentication

Server

Time---|
Server

G e S G- G G- G G - - - - - - = -

|

]
Communication Subnet i--{

i

[}

|

| ——0¢=—-small
disk

=5

Gateway to other

network(s)

i {-- Namre Server

Disk File Data Phototypesetter
Server Server Base

Server

. 1-3 The user-server model

[€]¥aryanski, F.J., 'Backend database systems , Comput.
Surv., vol.1Z2, pr.3-25, March 1S8@.

[?]Su, S.Y.¥., Chang, H.,
E.

Iowerthal,

and

some issues on DENMS

1c82.

Schuster,
standards ,

Copeland, G.,

n Fisher, P.,
S., Database machines and
Proc. NCC, pr.191-2¢s8,
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4. The pool processor model

—— e e Em e - -

en

Scmetimes a user may need more computing power than
his machine can provide. In the pool processor model shown
in Figvre 1-4, users dc not have powerful personal comput-
ers. Work is carried out ty a pool of processors, some of
whkich ray bhave fixed functions, such as file server, and
some of which are dynamically allocatable on demand. Wit-
tie[8] has envisioned & system of this type containing

12,220 yprocessors.

-, T G e T e e A A e T e e e e A S e E—— A - -

{ Communication Subnet |---| | --=>Ca teway
------------------------- - to other
| i | i i | network(s)

! 11 1t 1! 1t [ !
(] LI | | tt !
— - - - - — - - - -

-
Pcol processors Fixed function servers
(disk,file,database,printer,etc)

Fig. 1-4 The pool processor model

[e]wittie, L.D., “A distributed operating system for a
reconfiguratle network computer , Proc. First Int.Conf.
on Distrib.Comput.Syst., IEEE, pp.€ES-€77, 1€7¢C,
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The data flow model is another alternative model of
computation which 1is particularly promising. The tasic
Frincirles of data flow are asynchreny and functionality,
and thus are in distinct contrast to the von Neumann
model.[€] In a data flow computer, an instruction is ready
fcr executlon when its operands have arrived - there is no
concept of ‘control flow", and data flow computers do not
have rrogram location counters. Many instructions of data
flow pfogram may bte .available for execution at once. Thus
highly concurrent computation is a natural characteristic

of the data flow model.

o emEe T COOOoRE n oo oo o

Each of those five models differ in their structure
and tke methods used to carry out the computations to bde
rerforred on them. ILet us give an overview contrasting
and ccmparing these five different models by looking at

their structures and method of comrutation.

First let us look at the structure of the different

models.
(1) The hierarchical model is a tree structured model

vhere computers of the top level are more powerful than

Flow”, AFIPS Conf. Proc. NCC, pp62¢-63€, 167€.
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those at the lower level.
(z) The CPU cache model has two Xkinds of computers:
fast access time and slow access time computers. Whenever

tte fast computer has 1ight workload, modules will be run
there tecause of the better resronse time.

(2) The user-server model does not have a large central
computer. Instead there are many user’s personal computers
with lccal disk storage as well as several server machines
that can carry out specialized functions whenever
regquested ty users.

(4) In the pool processor model, users do not have
rowerful personal computers. Fach terminal is connected to
the netwerk, either directly or through a terminal concen-
trator. Several rrocessors are connected together in a so
called pool of rrocesscrs to handle the computation.

() Figure 1-% shows a data flow system. The templates
are stored in the program memory. (Note: Temrlate con-
tains enough information associated with each processor.
Information include opcode, operand(s) and
destinstion(s).) As soon as a template is ready to fire,
the fetch unit can extract the opcode, operands, and des-
tinaticr addresses, make a packet from them, and send the
packet to one of the processors. The output packets gen-
erated by the rrocessors are stored 1in the arpropriate

temrlates by the store unit.
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Finally, we will examine the way computations are
carried out ty each of these five models.

(1) In the hierarchical model, each level of computers
carrys out different computations.

(z) In the CPU cache model, we have to consider how to
assign modules to computers in order to decrease the total
runnirg time and intermodule communication cost amd to
talance the total workload.

(Z) In the user-server model, most of the computatiens
are done in user’s personal comruter, although part of the
comrutations are dome in various speclalized server
machines which can te requested by users.

(4) In the pool processor model, the computations are
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done by a rool of processors, some of which may have fixed
functicres, such as file servers, and some of which are
dynarically allocatable on demand. The difference between
the rocl processor model and the user-server model is that
resovrces are allccated dynamically rather than statically
resulting in faster response time.

(£) The data flow corcert is a different way of looking
at 1instruction execution in machine level programs. In a
data flow comruter, an instruction is ready for execution
when its orerands have arrived. Hence many instructions of
a data flow program may be executed at once. Highly con-
cvrrent and parallel computation are important charac-

teristics of data flow model.

1.7 Cutlirpe

10
LY
Tt
=g
1
1=

est of the thesis

In Chepter 2 we give the detailed descriptions of the
five different models of distributed computation. In par-
ticular, the origins, structures, characteristics, func-
tions, and distrituted comruting methods for each model.

In Chapter 2 we present several examples which have
teen implemented or in the progress to determine why they
are vsirg distrituted computations and which~ model they
fit into. Such examples are

(1) Task allocation system
- distributed computing system

(z) Central file system
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(4)

(
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(€)
(7)

- distrituted file syster

SWAIIOW

- distrituted data storage system
WORV

-= distridbuted comrutation

10CUS

- distrituted operating system
Packend stcrage networks

File servers for network-based distributed

13

systems
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CHAFTEER 2 DIFFERENT MOTEIS OF LISTRIBUTED COMPUTATION
2.1 Intention

Ir this charter, we will 1investigate five possitle
models for descriting distributed computatiorns. In each of
the rext five sections one model will be described, its
functions and characteristics outlined, and one or more

arplications for that model introduced.

It some networks the computers are programmed to
cooperate with one another to solve a common set of prot-
lems. This is often the case in a hierarchical system.
The 1lcwer-level machines are programmed to pass work to

the higher-level machines.

In hierarchical model, functions are distributed. The
lower-level machines may be intelligent terminals or
intelligent controllers for such operations as message
editing, screen formatting, data collection dialogue with
terminal operators, security,and mwessage compaction or
concentration. They do not cormplete the processing of an

entire set of transactions.

The transaction must enter and 1leave the computer

system at the lowest level. The lowest level may be able

to prccess the transaction or may execute certain



158

functicns and rass it up to the next level. Some, or all,
transactions may eventually reach the highest level, which
will rrobably have access to on-line files or some data

tase.

The machine at the top of a hierarchy might be a com-
puter system in its own right, performing its own type of
rrocessing on its own transactions and the data passed
from lcwer-level system. The machine at the tcp might be a
head-office system whichk receives data from factory,

tranch, warehouse, and other systems.

One exarple of an application where a hierarchical
model would arply is a distributed computing system for an

insurance corpany.

The branchs of an insurarce company each have their
own prccessor with a printer and terminals. This processor
handles most of the computing requirements of the ‘tranch.
Details of the insurance contracts made are sent to a head
office computer for risk analysis and actuarial calcula-
tiors. The bhead-office management bas up-to-the-minute
information on the company’s finarcial position and exro-

sure, and can adjust the quctatiors giver by the salesman

accordingly.
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Similar examrle is the computer system for a chain

store.

Each store in a chain has a minicomputer which
records sales and handles inventory control and accounts
receivatle. It rrints sales receipts for customers at the
time c¢f sale. Salesmen and office personnel can use the
terrinals to display pricing, inventory and accounts
receivatle information, and customer statements. The store
managerent cap display salesman rerformance 1information
and gcods aging and other analysis reports (Figure 2-1).
The stcre systems transmit inventory and sales information
to the head office system and receive inventory change
information each nighkt. The fast receipt of inventory and
sales irfcrmation enatles the head cffice system to keep
the inventory of the entire organization to a minimum.
The store systems run urattended witbh any program changes

transritted to the system from the head office computer.

A more corplex examrle is the overall computer system
for & large corporation. As showr in Figure 2-2, such a
system must have rultiple levels, with a diversity of com-

ruters at each level.

The lowest level consists of intellligent terminals
for data entry, or microrrocessors in a factory that scan
instrurents. The next level is a computer 1n a sales

regicn assemtling end storing data that relates to that
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l | - purchasing,inventory
------ management,accounts
tayetle,marketing,
general acrounting

storeA] storeR] storeC|-sales & inventory
-— e e s ---  data

printer | | | b printer

0 00 0 00
roirt-cf-sale terminals,and terminals

for staff ard management

O ——
O —--
o pR——

Fig. 2-1 A kierarchkical configuration
in a8 chain stcre
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I—-—--I Cor%orate head cffice
I 1 - 1 )

I-———I ————— Division head office ----
. | i o= (2) | |

————— Sales region -=—--- Factory
| L= {(3) | Lo (4)
:
————— Sales office ====- Shop floor
| I - (8) | - (6)

(1) Managerent informatior system
Financial rodeling

(z) Sales summary ard analysis
Froduction planning
General accournting
Routine data prccessing

{2) Data tase of orders and customers
Accounts receivatle
Salesman records

{4) Process control planning
Process data gathering and asnalysis
Investigation of rrotlems

() Intelligent terminals for sales order entry
ard adrinistrative operations

(€) Microrrocessors for scanning irstruments
process monitoring ard control

Fig. -2 Multirle levels
regicn, or a computer in a factory assembling the data
from the microrrocessors and teing used for rroduction
flanrirg. The third level is a converticnal 1large cem-
puter system in the divisional head office, rerforming

many types of data rrocessing and raintaining lerge data
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tases for routine operations. This ccmputer center
receives data fror the lower systems ard sends instruc-
tiors to them. The highest level is a corporate manage-
ment informatior system, with data structured differently
frem thet in the systems used fer routine operations. This
system may be designed to assist various types of high-
meénagerert decisior making. It may run complex corporate
firarcial models cr elatorate rrograms to assist in ortim-
izing <certain corporate operations. It receives surmary

data from lower systems.

The following characteristics are generally found
wher comparing this model with a system comprised of a

centralized ccmruter.

(a) Cost - Total system cost may te lower than that
of a system with @ single large computer tecause of less
data transrissicn is needed and many functions are moved
tc inexpensive lower level machires.

(t) Cepacity - The central host may not bte able to
nendle the workload withcut distritution. Many functions
can te perfermed ir parallel in distrituted systems.

(¢c) Respense Time - Iccal resrcnses to criticel func-
tior can be fast; no telecommunicatiors delay; no schedul-

irg rrctlem; instruments are scanned and controlled ty a

lccal device.
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(d) User Interface - A better termiral dialogue can
te used when the user interacts witt a local machire; also
tetter grarhics ¢r screer design, and faster resyonse
time.

(€e) Sirrlicity - Separastion of the peripheral func-

tions can give a sirrpler, rore modular system design.

Mary problems are nct structured hierarchically.
Besides, 1if the workload on ore computer exceeds the CPU
caracity of that comruter, a cache of CPUs can bYe easily
accessed to distribtute the load. One examole of the CPU
cache model is shcwn in Figure 1-2. Fach user has a mini-
cecmputer tetween his terminal and the large central com-
rvter, rart of the ccmpvtation is done on the central com-

ruter erd rart or the mini.

The decision to run a particular part of the computa-
tion c¢n one machine or the other is tased on the (a) sui-
tatility of the two machires, (b) the relative costs of
the two machines, Ec) the tandwidth between the machines,
{d) the current workload. Let us examine & system in
which all the modules are availatle to toth the central
compvter and one cr mcre of the minicomputers. When the

workload on the central computer is light, most modules

will run faster there. When the «central computer is
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heavily loaded, the mini may actually bhave a better
respcnse time. A rajor question in this model is to deter-

mine which parts of the program should be run where.

2.3.2 Using Graph Theory to Assign Modules

Stone and Bokhari (1€7E&) used graph theory to assign
modules to machines.[12] There are two costs that must be
ccnsidered in finding a good assignmernt:

(1) Each module has a running cost that depends on
the rrccessor to which it is assigned. Let RUNx (i) be the
cost fcr running module 1 in assignrent x.

(2) Each pair of modules have a communication cost if
they have to comrunicate over & link because they are
assigned to different computers. Iet the communication
cost te COMMx(i,J) fcr the module peir i, in assignment
x, and this cost is zero if modules i and J are rlaced on
the same processor bty assignment x. Hence we want to find
an assigrment x such that x minimizes = RUNx(1) +ZX

‘ P sl
COMMx (1,3).

2.3.3 The Result for Twe-Processor Systems

A network flow algorithm[11] may be used to find the

optiral assigoment of modules to processors in a two-

[1¢]Stone, E.S., and Eokhari, S.H., "Control of Distri-
tvted Frocesses , Computer, vol 11, ppe7-18€, July, 1S7€.
[11)Tanentaum, A.S., Computer Networks , Prentice-

Ball, pp.4@0-4¢, 1¢€l.



Frocessor system. A program grarh and a table of execute
times for ©program modules in a two-processor distributed
system is shown in TFigure ©2-284. The nodes represent
modules, and the links rerresent intermodule communication
patterns. The numters on the edges, called edge weights,
represent the cost of communicaticn between modules when
the modules are not coresident on the same computer.
Intermodule communication costs are assumed to be zero
when the pair of module are coresident. BRoth costs are

given in units of time or dollars.

The table in Figure 2-284 shows the execution costs
of the program module when run on computer Pl or computer
PZ. An infinite cost indicetes that a module cannot te
execuvted on that computer. For any given module assign-

ment, the cost of the assignment is the sum of the execu-

12

------ (A)------(F) MODULE| P1 TIME |P2 TIME
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Fig. 2-384 Execution and comrunication costs
for a distrituted program



tion costs plus the sum of the intermodule communication
costs for those modules that are not coresident. The
latter can bte determined by summing the weights of the

edges which connect non-coresident modules.

Tc find the optimal allocation, we have to create a
modified grarh as shown in Figure Z2-5. This graph has two
additional nodes, one for comruter F1 and one for computer
Pz. - Each original module has ar edge to each of the com-
puter nodes. The weights of the new edges are such that
the edge to the F1 node carries the P2 execution cost and
the edge to the Pz node carries the Pl execution <cost. &
miniral cut in this new grarh, shown by the dark line is a
collection of edges such that when removed from the grarh,

causeé node Pl to be disconnected from node P2.

- - - -

(F1

Fig. £-% Modified grarh with execution and communication
costs in one graph

-—— - - - e o . - - - - - - -
- e o o e G b G e = e - -
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Fach minimal cut corresponds to a module assignment,
and every assignment corresponds to a minimal cut. The
welght of a minimal cut is the sum of tke weights of the
tranches in a minimal cut. In Figure 2-5, the weight of
the minimal cut is equal to the cost of the corresponding
mcdule assignment since the weight of a minimal cut sums
ur the execution and communication costs for that assign-
ment. Note that if module A is assigned to P1 then the
edge tc P2 is cut, but this edge carries the cost of exe-
cutinrg on P1. Sirilarly, other edges cut between module A
and other nodes of the grarh rerresent actual communica-
tion costs. The optimal assignment corresponds te¢ a

minimur weight cut, that is a minimum cut.

—— e el mem=ma et R aeVao maewme Ememeeeee-

A module assigned to a rarticular processor |is
assured to stay or that processor for the lifetime of that
assignrent. This is called the optiral static assignment.
The otjective of the dyramic assignment is to relocate
modules during the execution of the program to take advan-

tage of charges in the locality of the program. [12]

The basis for our mathematical model of the dynaric

assignrent tyroblem is the concept cf the phase of a modu-

- et wn wn ——  om w— —— em

[12]Eokhari, S.H., 'Tual-Processor Scheduling with
Dynaric Reassignment”, IFEE Trans. cn Software Fngineer-
ing, vol. SE-£, No 4, pp.236-34¢, July 1€76S.
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lar rrcgram. The rhase of a modular program is a contigu-
ous 7TPeriod of time during which only one module. executes.
During this period the executing module may communicate
with any numter of the remaining modules. A module may not

be moved from one rrocessor to ancther during & phase, 1t

may te moved only between phases.

Fcr each phase we need the following infcrmation:

1. Which module executes during this phase.

2. Run costs of this module for either of the two
processors. )

3. Costs of }esidence of the remaining modules for
each of the two rrocessors.

4. Intermodule commurication costs between the exe-
cuting module and all other modules assigned to different
Processors.

5. Relocation cost for each module - the cost of
relocating each module from one Erccessor to the other if

relocation were to be carried out at the end of this

phase.

Inr Tatle 1, a pregram consists of three modules
(A,2,C) and five phases. During phase 1 module A executes.
The cost of running this module on Frocessor 1 is 4, on
processor 2 is 1@¢. The residence costs of the nonexecuting
modules (B,C) are also in Tabtle 1. The cost of communica-

tion tetween module A and R is 3, A and C is 2. Costs for
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relocating modules A, B, C at the end of this phase are 2,

1, 2 respectively.

This information can te represented by the graph in
Figure 2-6. The nurber of program modules (in this case,
2) multiplied ty the numter of Fhéses (in this case, B5)
equals the number of nodes in this graph. The vertical

e e o o - e - - _ce e -"—--— -

PEASE | MODUIEX | EXECUTION COST ! RESIDENT COST

- —— — —— ——— > ——— ————————— ————— ——— {————— o o -~

P1 P2 P1 P2

1 A 4 12 - -
B - - 1 3

C - - 3 1

z A - - 1 2
B INFINITY 12 - -

C - - 3 1

3 A 4 17 - -
B - - 1 2

c - - 4 2

4 A - - 1 1
B - - 4 2

C € 4 - -

5 A - - 3 1
R - - 3 2

c e 3 - -
FRASE{CCST OF COMMUNICATION !  RELOCATION

' EETWEEN EXECUTING MODULE |  COST OF

% A B C I A B C

1 - 3 2 2 1 3
2 4 - 3 2 3 2
3 - 7 @ 3 2 3
4 g 4 - 2 1 4
5 4 3 - - - -

Tatle 1. Tabulation of costs for a dynamic
assignment problem with three modules
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lines cf nodes represent the modules and the horizontal
oneés represent the phases. Xach node represents the
residence of a module during a specific phase. The aster-
isk stends for the single module that executes during each
phase. The weight of the edge which comnnects successive
residences of the same module represents the cost of relo-
cating that module. The weight of the edge which connects
the executing module with other modules during the same
pbase represents intermodule communication <costs between

the executing module ard the otkher modules.

MODUIES
: 2 |
Al ¥ P1 C1
| 3 | i
12 11 | 2
A2————~~ PeF———me c2
| 4 | 3 i
12 13 12
PBASES A3%¥————v B2 c2
| 7 | |
13 12 '3
A4 B4—mmmmm Ca*
| | 4 |
2 11 3 14
AS BE~————mm CE*
! 4 i

Fig. 2-6 Incomplete dynaric assignment graph,
for 2 modules and 5 rhases.
The horizontal edges represent communication costs,
and the vertical edges represent relocation cost.
Asterisk denotes executing module.
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Fig. 2-7 A minimum weight cut
in the dynamic assignment graph

e e e - — ——— - e S e e - S e S e e e e e S e e e T G e e e e . e — - -—

In Figure 2-7, edges representing the run costs e&re
drawn from F1 and Pz to each of the nodes representing
execvting modules, and edges rerresenting residence costs
are drawn from P1 and PZ to the remaining nodes. This
graph (Figure 2-7) is called a dynaric assignment graph. A
minirur cut gives a dynamic assignment of modules. It
specifies which modules are to reside on which processor
during each phase. The weight of a mianimum cut is the
tctal cost of the optimal dynamic assignment. This minimum
cut may be found by running a network flow algorithm

between nodes P1 and P2 in the dynaric assignment grarh.

Stone and Bokhari(1¢7€) also presented how the module

assignments to three processors ty usirg an extension of



the network flow aprroach described in Sec. 2.3.3. They
believed the assignment problem for four or more proces-
sors should te very hard rroblems fcr which an efficient

solution may not even exist. It is still an oren question

for future research.

- T - = - ——

As the power of small computers increases and their
rrice decreases, the value of the certral computer in the
atove rodel also decreases. At some point the most cost
effective +thing to do is to discard the central computer
entirely. Each user has a rpersonal minicomputer with
local disk storage. The personal computer may range from a
1€-tit machine with €4 kilotytes c¢f memory and a florpy
disk to a 32-bit machine with several megabytes of memory

and & 120 megatyte hard disk.

The personal computers are ccnnected by a high speed
local network in order to allow users to share data and
send mail, and to share exrensive rerirherals. An examrle
of the resulting user-server model is shown in Figure 1-3.
In this model the personal computer can execute most of
the wuser’s actuval computing, but arny user can request

varicus existing centrally located server machines to

carry cut specific functions.



In a computer network, hosts have resources that can
be accessed remotely by other hosts. Some resources are
rrocesses, files, mailboxes, terminals, and unique peri-
pheral devices. We call these resources, the generic ser-
vice. A generic service performs some set of actions for
its customers. Some example of services are : time of day,
pascal compilation, file storage and retrieval, and data
tase management. Associated with each service 1s a process
called a server, whose task is to provide the service to

any authcrized prccess that requests it.
2.4.2 Disk Server and File Server

The function of a disk server is to read and write
raw disk blocks, without regard to their contents. Tyrical
messages that could te sent to a disk server are requests

to allccate, return, read and write a disk block.

A file server provides lorg-term reliatle storage of
data for the 1individual workstations and supports data
sharing among workstations. The file servers are respon-
sible for maintaining directories and connection status
inforration to turn the primitive disk service into usatle
file service. Typical messages that can be sent to a file
server are requests to oper a file, close a file and read,

write, or seek on a file.
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In crder to implement services each server process
‘must lister to some transport address. To use a service, a
useér mvst conpect to a remote process by specifying the
remote transport address. We vse & name that indicates
which service the user wants and an “address’ that speci-
fies which transport address the server is listening to.
The rarring which must be done between the name and the
address can be accomplished ty a came server, like tele-
thone directory server. In some cases servers may listen
to well-known address, which are widely known and rarely

charged.

Users normally access generic services by name, not
by address. The local host must use the name to find the
transport address of a prccess willing to do the work.
Once the address of such a process is known, contact can
be estatlished. Bowever, a difficulty arises when a host
rotentially offers a very large variety of services. For
example, if a time-sharing system has a thousand rrograms
availatle, it is not feasible to have each one perretually
listening on a well-known address on the off chance that
some remote user wants to use it. Furthermore, multirle
instances of many programs would be needed, in case

several remote users wanted to run the same program at the

same time.



In the early days of the ABRPANET this protlem arose
and was solved by the ARPANFT initial conmnection protocol.
We ncw introduce ar equivalent, but simpler mechanism.
Instead of every conceivatle server listenirg at a well-
known address, each host that wishes to offer service to
remote users has special process servers through which all
services must te requested. Whenever the process server
is 1idle, it 1listens to a well-kncwn address. Pctential
users cf any service must specify the address of the pro-
cess server. Cnce the connecticn has been set up, the
user sends the processor server a message telling which
rrograr it wants to run. The rrocess server then chooses
an idle address and spawns a new rrccess, telling the new
process to listen to the chosen address. Finally, the pro-
cess server sends the remote user the chosen address, ter-
minates the connection, and goes tack to listening to its

well-known address.

At this roint the new process 1is 1listening 6n an
address that the wuser now knowns, so it is possitle for
the user to close the conrection to the process server and
connect to the new process. Once this connection has teen
set up, the new process executes the desired program, the
name of which was @passed to it by the process server,
together with the address to listen to. The entire proto-

col is shown in Figure 2-£.
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. Process server listens to a well known address.
. User connects to the well known address.
. Process server creates a file server and
tells it where to listen.
4. File server listens.
5. Process server tells user where tc connect,
and closes the connection.
€. User connects to the file server.

Fig. z-8 Bow a user in host A conrects to a file
server in host R

Recent advances ir hardware technology are operning up
new possibilities for scientific computing. Today the
time-shared machine and a CRT provides the user with bhis
own tTcwerful machire, far more powerful tharn microproces-
sors and equirped with such features as high-resolution
color grarhics ard audio I/C devices. This development
will avoid compromises and 1imitations inherent 1in tire-
sharing which user has encountered. New high-speed net-
work technologies makes it rossible to move to this per-

sonal comruting enviromment without foregoing the attrac-



tive features of time-sharing such as shared informatior,

good inter-user communication and expensive peripherals.

Ar example of such a system which fits 1into the
user-server model is SPICE (Scientific Personal Integrated
Computing Environment), which has teer proposed by the
Cemruter Sclence Terartment of Carrnegie-Mellon University.
SPICE would provide facilities for computer science
research in a diversity of areas and a number of office
avtomation services : rerort preparation, personal commun-
ication, time arnd record management, etc. Some essential

compcnents of SPICE as follows:

1. A set of personal computers with the following

features:

speed: 19*%*6 macro-instruction/second.

cortrol store: at least 16k micro-instruction, rea-
sonably structured and user writatle.

virtuval address: 2%%3@ to 2%*¥32 tytes address space
smoothly addressatle.

rrimary memory: 1 Mbyte.

secondary storage:10¢ Mtytes, suitatle for raging.

display: color, tit-marrped, high-resoluticn
(1kxlk pixels); with keyboard and
rointing device.

other: audio input arnd output.

cost: around $12,200 ty the mid-1980°s.
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2. A 1¢ megatit/second high-tandwidth network

The personal SPICE comruters must be linked together

with high-performance communiceation. The major communica-

tions are likely to be :

(a) Personal commurication among researchers using
electrcnic multi-media mail.

(t) Access to services certralized fer economy - file
storage, printing and magnetic tape.

(¢) Interprocess communication - multi-processor arpli-

cations.

There are three reasons for surrorting these communi-
caticn needs with a high-bandwidth design as indicated

atove.

(a) Bigh total capacity is required so that the share
availatle to each pair of communicating processes is ade-
quate.

(t) Transparent access to network services requires
high <speeds; if a file is to te accessed on a remote file
system as aquickly as op local storage, the network
transrission bandwidth must be comparable with disk
transfer bandwidths.

(c) The media-intensive design of SPICE (voice, video)

requires larger comrunication capacity than for most com-

ruter communication networks.
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2. A shared file system - file server

A shared file system is required on the network so
that all user can share information. This file system may
run on one central file computer or it may be distributed
around the network, but it will arrear to users as a sin-
gle wunified facility. A 1large 1library of reference
material will be availatle on-lire using video disk or

cther comparatle technology.
4. Shared expensive peripherals

Tc share hard-copy printers, phototypesetter, etc.
&. SFICE software environment

This environment should provide a comprehensive edit-
ing and text-processing system; rail, message-handling,
and other forms of inter-user communication; a system for
sending reminders and scheduling the user’s arpointments;
extensive program development facilities in several high
level language (crestion, debugging, analysis, management
of rrogram, and litrary maintenance); and an 1integrated

graphics-oriented hardware design facility.

- -

An advantage of distributed systems is that the sys-

tem structure can be made to corpliment organizatiornal

structure. We will consider distributed systems with the
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following general characteristics. The overall system is
an internet, comprised of interconnected networks with
varying communications media. The communications system
rrovides store-and-forward packet switching communica-
tions. The processing power of a node on the internet can
range from that of an electronic tyrewriter to that of a
large, time-shared computer. Each node provides some col-
lection of ©physical and 1logical resources such as a
rrinter or file storage. Some server nodes provide ser-
vices that permit clients on other nodes to access their
resovrces. Other workstation nodes serve as a user’s per-
sonal computer and act as clients of remote services on
their user’s tehalf when necessary. It is possitle that a
node surrorts both multiple users and shared services. The
nodes c¢f such a system communicate for various reasons: to
retrieve a file, send a file for rerote rrinting, deliver
electronic mail, exchange routing information, etc. Nodes
that provide the service of communication between two or
more petworks in the internet are called Internetwork
Gateways or just Gateways. Such an internet is shown 1in

Figure 2-¢.

In order to understand the functions of these gate-
ways and how they rrovide the comrunication services, we

must introduce the concept of tinding and look at various

binding strategies.
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1. Tc cther Iocal Networks
2. Tc other Long Eaul Networks

Fig. 2-9 A typical internet

A main advantage of decentralized network-based sys-
tems is that they can be reconfigured to meet current
needs easily. EPEinding strategles are arrroaches to dis-
trituted systems which can automatically cope with dynamic
reccnfiguration of networks, resources, and services

without requiring an excessive amount of on-site techrical
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support or human intervention. For example, we might not
bhave to tring an entire internet down and back ur simrly
to add a new node. If we lack binding strateglies, system
ccnfigurations must remain relatively static so that

resources cannot be added or deleted.

In a distributed system, system components must
cooperate in order to satisfy client requests, &nd clients
must know something about their distributed ervironment,
such as the location of services or resources. Knowledge
atout the environrent is ottained when system components

are tound to system resources.

Lefinitions:

(a) Binding - resolves a reference to an otject in the
distrituted system by replacing the reference with the
otject’s address.

(t) Reference - may be a human-sensible string name, a
machine-sensitle identification, etc.

(c) Cbject - may te a physical resource suck as a
machine, a logical resource such as a file directory, an
atstract ertity such as a route used for delivering data,
etc.

(d) Address - may be the network address of an otject
or of some system component that will access the otject on
the client“s tehalf.

(e) <name, address> - the binding of an otject identi-
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fied ty "name” to "address’.

A particular binding strategy 1is characterized by
whén the tinding occurs. For example, binding might bve
static and carried out at the time of system generation.
It rmight occur early when the system is initialized. It
might occur late when a resource is accessed. We need to
evalvate performance versus flexitility when selecting a
rarticular tinding strategy. Reconfiguration generally
irplies the need to correct some established bindings,
such as updating, deleting, or adding to a tinding. The
early tinding affected system elements must often be
bought down and reinitialized. On the other hand, since
each tinding operation requires the resolutior of one or
more indirect references, later binding increases flexi-

tility and decreases performance.

We can use both the gjperformance benefits of early
tinding and the flexibility of late binding by using early
tinding wherever possitle, tut rerforming runtime rebind-
ing whenever the Dbinding¢ needs correction. With such a
schere, the client must verify that an object with the
recorded name 1is actvally located at the address of high
speed memory each time an access 1is attempted. If the
otject is not at the expected location, the client must
rebipd. In order to carry out the name verification

correctly, the name in <name, address> binding must
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uniquely identify the object.

Binding agents in a distributed system are system
components that maintain <name, address)> associations in a
datatase. For exarple, a directory assistance telerhcne

orerator 1is a ©binding agent, and the rhone directory is

the datatase,

Late binding with a tinding agent can be wused to
estatlish or correct bindings at runtime. A tinding
agent’s database could be a dynamically constructed in-
core tatle or a set of complex data structures permanently
maintained on secondary storage. There may bve many dif-
ferent ©binding agents in a distributed system performing
different binding functions. For example, a binding agent
could keep a database of <mame, address> pairs for hosts
on the internet and for network-based services that pro-

vide access to resources.

Whenever a client needs to find the address of an
otject, it presents the otject name to the suitable btind-
ing agent. The binding agent returns the address which the
client can save in order to typass lookups the next time
the object must be accessed. If the address is saved, the
client must be prepared to go back to the binding agent to
rebind if name verification shows the object to be absent
from the exrected location. For example, to print a file

on a remote printing server, a user might present the name
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of the desired printing services to a client module on his
workstation. The client module would then present the

name to a Dbinding agent which would subsequently return

the server’s network address.

13V ]
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. Internetwork Gateways

Store~and~forward packet switching internets consist
of individuval networks interconnected by internetwork
gateways that store and forward the packets to their des-
tinations. They may use adaptive routing algoritkms that
dynamically determine the path a packet should take at
every internetwork gateway. This 1is an application of
late'binding, where the object is a host 1identified by
host and network numbers, address is a route ty which the
packets should travel. In this case, the binding agent |is
the 1internetwork gateway and its database is the routing

table.

The routing algorithm in an 1internetwork gateway
needs to be told the numbers of the networks to which they
are connected so that they can participate in the routing
of rackets to other internetwork gateways and to machine
on the directly connected network. The internetwork gate-
wvay must generate routing table information for exchange
with other internetwork gateways. This 1s how routing
tables are dynamically updated. The routing machinery of

a packet switching internet cannot work unless:



43

(1) Each 1internetwork gateway knows the network
address of other internetwork gateways on the same net-
work.

(2) Each workstation or host machine knows how to

create routing tatles so that they may direct a racket to

the suitable internetwork gateway.

2.4.5.3. Xerox Pup Internet

The Xerox Pup Internet supports a large Alto-tased
distrituted system consisting of over 1002 machines on 25
networks of § different types using 2¢ internetwork gate-
ways. The predominant type of network is the Ethernet sys-
tem. Such local networks permit broadcast delivering of
data. The other networks in the 1internet are used as
transmission media to transport packets from one internet-

work gateway to another.

This system offers some services such as file
transfer, interactive sessions with foreign hosts,
exchange of electronic mail, remote printing, etc. The
Xerox Fup Internet mainly supports the Alto personal mini-
comruter. It uses a hierarchical addressing scheme for
identifying a machine with the internet. It assigns a
fixed socket number for the active listener that provides
a particular type of service. Socket numbers are stati-

cally assigned according to service type.
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A service is identified by the host’s internet name
or nurter, followed by the service’s socket number.
Because of the static associaticn between a service and a
socket npumter, there is no mapping between service ID and
netwcrk address. Clients must tind the internet hcst name

to a network address before using a service.

Xerox Pup Internet has an unique string name for
hosts, 1le. there are no local corntexts for host names.
Machines on every local broadcast network have access to a
local clearinghouse (Clearinghouse is a btinding agent that
maintain the associations ©bYetween 1local string service
names, global service Ils, and service addresses.) called
the nare-lookur server that translates a host’s string
name into 1its network address. This mapping is performed
dynamically every time a service or hcst 1is accessed.
Workstations need not know the network address of the
local name-lookup server because they can broadcast their
tinding request. There are several name-lookup servers
with the same database of the internet. Once a new data-
base 4is inserted at one name-lookur server, it proragates
through the entire system until each name-server has been

urdated.

Network access software is divided into two classes:
(1) for workstation and server rachines, this class is

identical for every machine. (Z2) for internetwork gateway
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and name-lookup server machines, in this class, netwcrk
access software is parameterized for every internetwork
gateway. Software 1in the first cless executes in an Alto
connected to the Etherrnet system. The software determines
the number of its network ty broadcasting a packet in
order to locate an internetwork gateway, and then examin-
ing the reply. The routing tables are initialized and
urdated via broadcast rackets from internetwork gateways.
Atrahar and Dalal (1980¢) have found that this way of
managing software cornfigurations is acceptable, as most
machines are workstations, and the internet has only 2@

internetwork gateways.

2.4.6 Data Base Server - Packend Vachine

For data base users, even record oriented files may
te far too primitive to use directly in arrlication pro-
grams. Consequently, the network may provide one or more
data tase servers, also called tackend machines. A data
tase server might accept queries about the data base,

analyze them itself, and return the answvers.

A database machine (DEM) can bte defined as any
hardware, software, and firmware corplex dedicated to per-

form scme or all of the functions of the database manage-
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ment gfortion of a computing system. The DBM may range

from a small, personal query machine to a large, putlic-

utility information machine.

Backend computers in database systems are dedicated
compvters for carrying out datatase processing functions
such as the retrieval and manipulation of datatases, the
verification of data access, the formulation of responses,
the enforcement of integrity and security rules and con-
straints, etc. Figure 2-10 shows one possibtle bvackend
system. The operating system, aprlication programs, and
CLEMS 1interface run on the host computer and actual DEMS

runs on the tackend computer.

The main concept of backends is to off-load the data-

tase management function from the host computer to dedi-
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cated rrocessor(s) in order to (1) release the host from
tedious and time-consuming operations involved in database
manirulation, maintenance and control. (2) increase system
performance through functional specialization of and
through parallel vprocessing among the host and the
tackend(s). (3) reduce the cost of managing data. The
tackend approach can be viewed as a cost-effective alter-
native to urgrading to the host or to achieving the level
of functionality and perforrance that no conventional sys-

tem can provide.

The isolation of the DBMS, the mass storage devices
and the database from the host can tring a number of addi-
tional advantages. (1) several hosts, possibly dissimilar,
can share on-line data as shown in Figure 2-11. A single

backend may handle the ©processing of the database and

| "Bost | | "Host | | "Bost |
Pl | I 2 | i M |
AT A A
| | |
: v [

CATARASE
Fig. 2-11 Multiple host configuration
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rresent data in forms suitable to the dissimilar hosts.
(2) databases and the DBMS itself can be transported from
an old mainframe to a new one with relatively 1little
conversion effort. Similarly, changes to the databases,
the mass storage devices, and the DEMS can be made without
entailing changes to the host. (3) multiple numbvers of
backends (Figure Z-12) can te used to process large data-
tases, which <can be stored either in a distributed manner
across secondary memory devices to facilitate parallel
processing or 1in a manner such that each database can be
processed by one tackend. (4) The enforcement of database
integrity and security can be separated from that of
operating system integrity and security, thus the failure

of one will not endanger the other.

- - - —— - = - - - - - = - = G = = = - - - o e = e - —
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Fig. 2-1Z Multiple backend configuration
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2.5 The Pool Processor Model

As long as each user is content with a single machine
fer running wuser rrograms, the user-server model is rea-
scnatle. However, dedicating a large minicomputer to each
user is an inefficient way to do business, because comput-
ing requirements are bursty. In this model, work is car-
ried out by a pool of processors, some of which may have
fixed functions, such as file servers, and some of which
are dynamically allocatatle on demand. Wittie (1€79)[13]
has envisioned a system of this kind which we will discuss

in the following section.

.3.2 MICROS - Distributed operating system

Ny

MICROS is the distrituted operating system for the
MICRCNET network computer. MICRONET is a reconfiguratle
and extensitle network of sixteen 1loosely-coupled ISI-11
microcomputer nodes connected by packet-switching inter-
faces to pairs of high-speed shared communication buses.
MICRCS simultaneously supports many users, each running
mvlticemputer parallel prcgrams. MICROS is 1intended for

control of network computers of up to 12,000 nodes.

- - e - - e - e

[13]Wittie, I.D.: "A Distrituted Cperating System for A
Reconfigurable Network Computer, Proc. 7First Inc. Conf.
on Listrib. Comput. Syst., IEEE, PF. 669-677, 1979.
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MICRONET is an extensible, recornfigurable network of
autonorous computer modules, each sharing two of the com-
munication tuses over which packet~-switched messages are
transmitted. Figure Z-12 shows the architecture of cne
node of MICRONET. Each node consists of a task computer
and a communications frontend computer. The task and fron-
tend memories are linked by a 0.3 megatyte per second
(VB/8) direct memory access (DMA) channel controlled ty
the frcntend. The task computer is a DEC 1ISI-11 with a
full ccmplement of 28 kilowords of 16-bit RAM.

Figure 2-14 shows one possible ccenfiguration of a
sixteen node version of MICRONET. There are eight shared
buses: four rerresented ty horizontal lines and four by
vertical 1lines. Fach node shares exactly two buses, those
that pass nearest it horizontally and vertically. Peri-
rherals attached to the ISI-11°s in MICKONET include five
interactive CRT and hard copy TTY terminals, two minicom-
Futers 1linked &ty 1¢20 tyte per second serial interfaces,
and twe floppy disk drives on 1€-tit parallel 1interfaces.
Fach node has a direct bus connection to only a few (six
in Figure Z2-14) of the other nodes. A message from node 1
tc ncde 15 must be relayed through node 3 (via tuses 1 and
?7) or prode 13 (via tuses £ and 4) fcr a minimum delay con-

nection.
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1 |
: 28k x 1€ RAM ! Task

I (CET Interface) | Computer
! (Cisk Interface) !
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&-Bit CEFU (Z-80) !
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Logic Control (& x 300) Computer
(CRT Interface)
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v {(~-@.5 MFYTE/SEC BUSES--> v
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Fig. 2-13 Architecture of a MICRONET node.
Each node consists of separate task eand frontend
cemputer linked by a IMA channel. Each node has

two ports to share external buses. Some nodes have
terminal or disk peripheral interfaces.
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Fig. 2-14 One possible configuration of eight buses
connecting sixteen microcomputer nodes in MICRONET.
Fach node shares two buses. Each bus is shared ty
four nodes. Terminals and minicomputers are attached
by serial interfaces.

In summary, the MICRONET hardware consists of nodes
of faired task and communications computers. Each node is
linked to two shared buses. Nodes cannot directly access
data in the memory of other nodes tut rather communication
via packet-switching. Packet latencies are 1 to 2 mil-
liseconds. In the following section, we will explore
rethcds by which MICROS controls the distributed MICRONET

hardware.
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The main research protlem in the design c¢f operating
systems for massively distrituted computers 1is glotal
resource management, the control of shared resources that
may be requested ty nodes throughout the network. Since
MICRCNET 1s a loosely-courled network whose nodes canrot
directly access each other’s memories, MICROS cannct util-
ize centralized resource tables accessed by several

managerent nodes.

The glotal management structure proposed for MICROS
to ccntrol networks of thousands of rodes is shown in Fig-
ure 2-15. An exarrle will be given in next section. The
circles rerresent nodes in the network. The arcs
represent message paths between them. The lowest nodes in
the tree perform wuser tasks and handle I/0 devices con-
nected to the network. The uppeér nodes manage resources
and rrovide regional control for the nodes directly below

them.

Although glotally accessitle, network resources are
managed in nested pools. Each management node controls all
resovrces within its subttree of the rnetwork hierarchy.
Monitoring, scheduling, and allocation of each resource
associated with a low-level node are rerformed by one or
more c¢f the management nodes in the chain tetween the
resources node and the tor of the hierarchy. Ffor example,

idle podes which car accert new user tasks are a netwcerk



Summaries

Oligarchy !
Global Parent
Allocation !
Managers ;
Regional Children
Allocation !

v
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1/0 Bandles

Fig. 2-15 A logical hierarchy of resource management
nodes for a distributed operating systems. Path between
ncdes may involve multirle hardware links. Nodes and

paths are chosen for efficient message passing within
each resource pool.

resouvrce. Fach manager keeps track of the apprcximate
numter of 1idle nodes available in the subtree below it.
High-level nodes request groups of nearby nodes for
scheduled groups of intercommunicating tasks. Middle-level
managers sutdivide the requests to match groups of avail-
atle nodes. Low-level managers allocate individual tasks
tc ncdes, keer exact amount of idle nodes, and 1lock busy

nodes against further loading.

In order to avoid communication and processing over-
loads, each node can exchange control messages only one
level upward with its parent and one level downward with
its children. However, any node can have physical links to

many others at various 1levels. User task and I/0 data
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messageé can be relayed along any links. Also to avcid
overloads, nodes in each higher level of management keep
only summaries of the resource information known to the
nodes in the next lower level. The higher in the tree, the
more glotal is the scope of management information but the
less is known in detail. On the other hand, low level
managers will know which wuser task nodes are idle tut
their parent will know only how many 1idle nodes each

marcager controlled.

In summary, for large networks MICROS has resource
managerent tasks and system tables distributed over a log-
ical hierarchy of nodes. There is a hierarchy of nested
resovrce Tools <controlled ty managers whose load is kept

rcughly constant regardless of level.

To solve wuser problems in parallel, programming
language comrilers for network computers must generate
separate simultaneous executable task modules. Such col-
lections of related tasks are known as task forces. Wave
Scheduling[14] is used ty the MICRCS operating system to
schedule task forces in MICRONET. Assume that a task force
of size S, which needs S nodes to execute, enters a gqueue

(14]Van Tilborg, Andre M., Wittie, Larry D., 'Distri-
tuted task force scheduling in multi-microcomputer net-
works", hational Computer Conference, 1€€1, rp. 282-2€9.
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of ready task force at an arbitrary network node. Task
forcés may enter at any level of the control hierarchy, at
manager§ and worker pnodes. If a task force enters the net-
work at a level which cannot schedule a task force of size
as large as S, the task force request is passed up the
tree until a svitable manager is reached. In this case, a
manager at thé arrrorriate 1evei is the Task Force Master
(IFM) for the task force. A task force too large to be

processed will be rejected when it reach the top level.

Each TFM keegrs track of the number of non-btusy work-
€rs in the suttree telow it. TFM are responsible for
reserving enough nodes for the task forces which they con-
trol, that 1is, to reserve R>=S workers to get S. Tilborg
and Wittie[15] have shown that a wuseful value of R 1is
R=(S*k)/(1-u), where u 4is the instantaneous fraction of
tusy wcrker nodes in the suttree of a TFM and k is a value
from 1.1 to 1.3. The request for R workers is divided
among the submanagers of the TFM and proceeds down the
tree as a wave of subrequest. Each subrequest is rereat-
edly divided wuntil it reaches the lowest managers.
Managers at that level store accurate information regard-
ing the status of worker nodes.

[15]Van Tiloorg, A.M., Wittie, I.D., Wave Scheduling:
Distributed Allocation of Task Forces in Network Comput-
ers , Froceedings of 2nd Int. Conf. or Dist. Comp. Sys.,
Paris, 1¢81.
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An exarple of wave schedulirg is shown in Fig. 2-16.
A task force consisting of S=8 tasks enters the network at
the rightmost level-1 manager. The task force is too large
to be scheduled by that manager, so it is passed one level
urward. From there a request for R=11 worker nodes travels
as @& wvave of subrequests downwards through the suttree of
the TFF. When a subrequest reaches a level-1 manager, that
manager reserves as many as possible of the requested
number of workers. Finally, a total of ten worker nodes

are reserved ty the wave scheduling. Only two workers were

OIIGARCHY D
TASK FORCE MASTER
(TEM)
LEVEI-Z MANAGERS 9 £ & & _AS--— R=11>8 cm—m—me
say N a0 31=2=3=4=
| =T "‘"i
// \ \QA 1zlgl7le!l
IEVEI-1 MANAGERS ¢ q Q Q . {—==—= S=
WCRKERS oo 0 0 l @ 0 Q‘; 0 O 1 0 ¢ ®
® @ ® o DE

LOADED TASKS
Note: =—=> Task force request
—> Request for free worker
loaded task
0 Free worker
) Busy worker
g Recently busy worker
Unneeded worker

Fig. 2-16 The wave of sutrequests to reserver R nodes
for a size S task force.
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actually idle but the TFM thought there were three idle
vorkers. The worker marked as ‘recently tusy’ was telieved
to te available by the TFM because the status summaries
had not yet ©been wupdated. Eight of these workers are

loaded with task modules (marked by hexagons) while the

other two (marked ty *) are released.

z.2.2. Characteristics of pool rrocessors model

The reason we present the pool processor model 1is
that it has faster response tire than the user-server
model. We can allocate resources dynamically in this
model. In order to fully utilize idle machines, each user
may have ten ool processors 18% of the time to carry out
computation for him, but in the user-server model each

user owns his personal CPU all the time.

In order to schedule the gfool crrocessors, we need
complicated scheduling algorithms. In the next section, we

will discuss three possitle algorithms.

e e - eceecememmee e e - -

This algorithm consists of dedicating one processor
to schedule the others. The dedicated processor keeps
track cf the status of all processors and tells the others

what tc¢ do next.



(8]
v

MICROS in the previous section is a good example of
this algoritbm. The pocl processors are statically parti-
tioned into groups, with each group having a group
manager. The group managers are divided into divisions,
with each division having a division manager. Each

manager schedules the processors under it.

When a new process is to te created, the parent
troadcasts a request for tids which might include special
properties of the computatioen. If any of the pool proces-
sors wants to tid for that work, it will send messages to
the requesting processor. The parent will review the
characteristics of all bidding processors, and then choose

the most qualified.

In order to understand how the ©bidding algorithm
works, we will discuss the Distrituted Computing System

(DCS) in the following section.

2.5.5. Distrituted Computing System {DCS)

Farbter and Larson (1972)[16] presented the Distri-

(16]Farber, D.J., and Larson, K.C.: "The System Archi-
tecture of the Distrituted Computer System - the Communi-
caticn System,” symp. on Comput. Networks, Polytechnic In-

stitute of Brooklyn, April 1972.
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tuted Computing System (DCS) which is an experimental com-
puter network under study at the University of California
at Irvine. The network has been designed with the follow-
ing goals: reliatility, low cost facilities, easy addition
of new processing services and low incremental expansion
cost. The computers used are small to medium scale and are
interfaced to the ring (Note: Ring is one kind of 1local
networks. In a ring, a special tit pattern circulates
around the ring.) using a sophisticated piece of hardware

called a Ring Interface (RI).

LCS (Figure 2-i7) consists of a set of different pro-
cesscrs 1interconnected ty a common transmissionm system -
the ring. All messages flowirg through the ring, are
addressed to some ©processes, not a processor. Further,
each address is the name of that process. Thus the only
addresces are the names of sending and receiving
rroceszes. An advantage of this (roposed method of
addressing 1is the easier and more dynmamic entry and exit

protoccls availatle to processors on the ring.

There are two features which make the communications
FIctcccels unique. First, messages are addressed to
rrocesses, not rrocessors. This 1s accomplished by placing
an associative memory in each RKI. The memory contains the
names of all rrocesses active on the attached processor.

When a message arrives over the ring, the destination pro-
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PROC: PROCESSOR
RI: RING INTERFACE
SS: SECONDARY STORAGE

Fig. 2-17 An examrle DCS

cess name is matched against the associative memory. If a
match occurs the message 1s copled and passed over the
ring to the next RI. Second, messages are only removed at
the RI from which they originate. The ring may te thought
of as a series of message slots. To transmit a message the
RI waits for an empty slot and places the message on the
ring. The message is coried when necessary as it rroceeds
around the ring and checked against the origiral when it

returns to the originating RI.

Farber and Larson considered that system performance
could te imrroved bty connecting a set of small machines.
For example, linking the small machires permits the shar-

ing of the pool of peripheral facilities. Interconnecting
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the small machines will also imrrove the reliability of

the system.

In DCS, all rrocessors and terminals are attached to
the ccmmunication system via a RI. The RIs are ccnrected
togetheér via a single unidirectional data path. We shall
vse a fixed tlock length message format, that is, the ring
is analogous to a lazy Suzan with trays on it that are
rotating past a set of people (the nodes) gathered around
it. Surpose a process pl desired to send a message to pro-
cess pZ. The principal that we will use is as follows:

(1) r1 waits until an empty tray arpears.

(2) When pl finds an empty one, rl places two items in
the tray, the name of the process and the message pl
wishes to send it to.

(2) pl then waits until it sees the message passing pl
agair. At that pcint rl removes the message from the tray
and checks to see if the process pz received the message.
If not it repeats the sequence for a fixed number of
times.

(4) From p2°s roint of view, it looks for messages with
its narme on them as the trays rass it. If it sees one, p2
makes a copy of the message and drops in the tray a note
telling the sending process that it has received the mes-

sage.
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As has been mentioned previously, messages are
addressed ty the name of a prccess. Thus each message 1is
troadcast to all nodes, there to te accepted or disre-
garded derending on whether or not the desired destination
process is active on the associated host. A complete
descrirtion of the software is given in [17] and a defini-
tion cf a distrituted file system fer the DCS is given in
(18] .

2.5.6. CNET - Contract Net Protocol

- - — - ——— o am—

Ir tidding systems, the question arises whether a
rrocessor that 1is currently occuried may continue to tid
for worked maintain an internal work queue. If processors
do queuve work, they may confer from time to time, to allow
trocessors with long queues to offload work onto rfroces-
sors with short queues. Smith (1879)[19) presented the
contract net rrotocol which had teen developed to specify
probler-solving communication and control for the nodes in
a distributed grrotlem solver. Task distribution is

effected by contract negotiation. It 1is tased on a

(17]T.J. Farber ard K.C. larson, The Structure of a
Distrituted Comruting System - Software, Proc.Symg.
Computer-Communications Networks and Teletraffic, Fo-
lytechnic Press, 1972.

(1€]F. Heinrich, "The Systems Architecture of the Disg
tribvted Computer System - The Distributed ¥ile System,
Technical Keport, University of California, Irvine.

[16]Smith, R.: "The Ccntract Net Protocol : High ILevel
Communication and Control in a Distributed Problem
Solver, proc. First Int. Conf. Distrit.  Comput. Syst.,
IFEE, pp. 185-1€2, 1l¢c7¢.
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discussion carried on between a node with a task to be

exeécuted and a group of nodes that may be able to execute

the task.

The key issue tc te resclved in task-sharing is how
tasks are to be distrituted among the processor nodes.
There rust be a means whereby nodes with tasks to te exe-
cutéd can find the most aprropriate idle nodes to execute
those tasks. This is called the ccnnection problem. The
cocnnection problem has two parts: Nodes with tasks to be
executed seek other nodes capable of their execution, and
nodes not engaged at any given time seek tasks that can
€xecute. Both sets of ncdes can proceed simultaneously,
engaging each other in a process of negotiation to solve

the connectior problem.

Tke collection of nodes is referred to as a contract
net ard the execution of a task is dealt with as a con-
tract tetween two nodes. Each node in the net takes on one
of twc roles related to the execution of an individual
task : manager or contractor. A manager is responsitle for
renitoring the execution of a task and processing the
restlts of its execution. A contractor is responsitle for

the actual execution of the task.

The normal method of initiating contract negotiation

ic fer a rode that generates a task to advertise existence

0of tkat task to the other nodes with a task-announcement
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messageé. It then acts as the manager of the task. In the
absence of any information about the specific capabilities
of the other nodes in the net, a manager is forced to

1ssue a general troadcast to all rodes.

The eligibility specificatior is a 1ist of criteria
that a node must meet to te eligitle to submit a tid. It
enatles a node receiving the message to decide whether or
not 1t is able to execute the task. The task atstraction
is a brief description of the task to be executed. It
enatles a node to rank the anncupced task relative to

other anrounced tasks.

Each node checks the eligibility specifications of
all task announcements that it receives. If it is eligitle
to tid on a task, then it must rank that task, relative to
others that have been announced. In CNET, all tasks are
tyred and a ncde maintains a 1list containing the best task
annovncements of each type that it has received. Each time
a task announcement for which a node 1is eligitle |is
received, the node comrares the task abstraction of the
new anrouncement with the task abstraction of the best
task announcement of the same type received thus far. It
then decides whether to rerlace the current ©best task
anncyncement of the given type with the new task announce-

ment or to discard the new announcerent.
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This announcement-ranking activity proceeds cer-
currently with task Frocessing until the node goes idle.
At this roint, the node checks its current 1list of task
announceéments and selects a task on which to submit a bid.
If there are a numbter of task types available, the node
mrst select one of ther. The current version cf CNET

selects the oldest task on the queue.

‘Ccntracts are queved locally ty the node that gen-
erates them until they can be awarded. When the manager
for a contract receives a tid, it compares the new tid
with the list of bids thus far received for the task. If
the new bid is determined to te satisfactory, then the
contract is awarded immediately to the node that made that
tid. Otherwise, the new tid is sorted into the 1list of
bids.

The selection is communicated to the successful
tidder through an announced-award message. This message
centains a complete specification of the task to te exe-
cuted. Pids in a contract net are binding. This avoids a
cenfirration ressage for each transaction(22¢]). If a node
receives multiple awards as a result of bidding on several
contracts, then it queues them for rrocessing in order of

receipt.

[z¢1D.J. Farber, K.C. larson,. The Distributed Comput-
irg System.” Conference Digest, IEEE COMPCON Spring, 1872,

PP. 21-34.
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For example:

< Vanagers make announcements of this form >

To : * ( * indicates a broadcast message )
Frem ¢ 28
Tyre : TASK ANNCUNCEMENT
Contract : 22-2-1
Fessage :
Task Atstraction :
TASK TYPF ‘signal
NODE NAME 25 PCSITION “p

Fligibility Specificatior :
MUST HAVE DEVICE TYPE ‘Sensor
MUST HAVE NOTE NAME “SEIF POSITION

Bid Specification :
NCDF NAME “SELF POSITION
EVERY LEVICE TYPF “Sensor TYPE NUMEER

< Sensor nodes respond to the nearest manager °

To : 28

Frcm : 42

Tyre ¢ BIL

Contract : 22-3-1

Message :

Node Abstraction :

NODE NAMF ‘42 POSITION ‘q
Senscr TYPE s NUMBRER '3
Sensor TYPF ‘t NUMERER ‘1

¢ Several similar awards are transmitted >

To : 42

From : 28

Tyre : AWARD

Contract : 22-3-1

Message :

Task Specification :

Sensor NAME ‘sl
Sensor NAME ‘s2

Finally, we discuss dynamic distributing of 1inforra-

tion. The contract net protocol enables dynamic distritu-

tion of inforraticn via three methods. First, a node can
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transmit a request directly to another node for the
transfer of the required information. Second, a node can
troadcast a task announcement in which the task is a
transfer of inforration. Third, a node can note in its
bid on a task that it requires particular information in
order to execute the task. The manager can then send the
required knowledge in the award message 1f the bid is

accerted.

--- —_—— - - e - - — -

- - - - ————

The important components of computer networks ere
ncdes and data links. The nodes are processing elements,
€ach with its own memory and rrocessor unit. The data
links are ccmmunication channels that permit messages to
te sent among the nodes. Data links might have a queue at
the receiver to store messages until the receiver is ready
to frccess them. A network 1in which the nodes are
activated by the arrival of input packet is called a data

flow network.

Data flow is an alternative model of computation
which 1is tparticularly promising. The basic principles of
data flow are asynchrony and functicnality, ard thus are

ir distinct contrast to the von Neumann model.([21]

- e - - - - ———

[21]Taub, A.H., "Collected Works of John von Neumann',



€S

The key idea of a data flow system is that there are
no varilables in the usual sense, that is, no memory loca-
tions that .can. be stored into. Instead, valuves are
rerresented ty rackets that are transmitted between pro-
cessing units. Each processing unit has the task of com-
ruting some function of its inputs and producing an outrut

containirg the result.

Because there are no variables or side effects 1in a
data flow computer, there is no concept of ‘control flow'
- an instruction is ready for execution when 1its 1inrut
packet has arrived. Data flow computers do not have a pro-
gram ccunter and there is no explicit sequencing of compu-
taticns, other than that imrlicit in one calculation
derending on the result of another cne. TFor examrle, 1if
y=f(x) and z=g(y), then f must run tefore g. A consequence
cf data-activated instruction execution 1is that many
instructions of a data flow program may be availatle for
execution at once. Thus highly concurrent computation is a

natural accomranirent of the data flow idea. [22]

vol.%, The Macrillan Comrany, New York, 1S€Z, pr.34-7¢C.

(22]Dennis, J.EB.: “"The Varieties of Data Flow Comput-
ers", First Int. Conf. Lata Flow Comput., IF¥E, pp. 42¢-
421, 1¢ve.
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A data flow rrogram is a directed graph which made up
of actcrs connected by directed arcs. One kind of actor is
the cperator shown in Figure 2-18 which is drawn as a cir-
cle with a function symbol written inside - in this case
4+’ - indicating addition. An crerator also has inrut arcs
and output arcs which carry tokens bearing values. The

arcs define raths over which values from one actor are

conveyed by tokens to other actors.

Tokens are rlaced on and removed from the arcs of a
rregrar grarh according to firing rules, which are shcwn
in Figrre 2-1¢. To be enatled, tokens must be presented
on €ach input arc, and there must te no toker on any out-
put arc of the actor. Any enabled actor may be fired.
This means removing one token from each input arc, apply-
ing the specified function to the values associated with
those tokens, and placing tokens latelled with the result

value ¢n the outrut arcs.

Orerators may bte connected as shown in Flgure 2-20 to

form rrogram grarhs. Here, rresenting tokens tearing

e e e T o e e e e e - e T S — e e e e e e -t TR e e e SR T e T g e e G e S o e e e e =

— - o ———— ——— g "ot p— T f— g o f—— - — om
e T e e T e e e T e S e G S e T e g S e
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values fcr @ and t at the two inputs will enatle compute-

tion c¢f the value c=(a+t)¥*(a-b) by the rrogram grarh, and
cause the placement of a token carryirg the result value

cn otvtrut arc c.

n
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There is another rerresentaticn for datea flow <rro-
grams - cne that is muclk closer to the mackine languege
vsed in frcteotyre data flow comruters. Ir this schere, a
data flow oprogram is a collection of activity templates,
each ccrrespording tc one or more actors of a data flow
rrograr grarh. TFigure 2-21 shows an activity temrlate

corresponding to the plus orperator (kigure 2-18). It ccn-

sists of focur fields : (1) an creraticr code stecifyirg
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the cperations to be performed; (2) receivers (in this
case, 2), which are places waiting to be filled in with
orerand values; and (3) destination fields which specify

what 1s to be done with the result of performing the

orersétion on the operands.

Figure 2-22 shows how activity templates are joined
to represent the program graph in Figure 2-28. An instruc-
tion in a data flow program is the fixed portion of an
activity template and consists of the operation code and
the destinations

instruction: <opcode, destination>

Each destination field specifies a target receiver by
givirg the address of some activity template and an inrut
integer specifying which of the receivers in the template
is the target.

destiration: <address, input>

5 add s
x--->§ [ ] %
y-=—->1 [ ]!
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add 1
IR
AL 34 gm
T
T ST
T e .
IR

Fig. 2-22 Configuration of activity templates
for the program grarh of Fig. 2-20

There are twc new data flow actors, switch and merge,
which control the routing of data values. The switch actor
which is for conditional structure sends a data 1input to
its T or F output according to whether a boolean control
is true or false. The merge actor which is for 1iterative
structure forwards a data value from its T or F intut
according to its toolean 1input value. The conditional
prograr graph and implementation in Figure 2-23 represent
comprtation of

t := if ( ad5 then a+2 else a-2 ) *6

and the program grarh and implementation 1in TFigure 2-24
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(a)

©

~—~

-— b3} -—-b 0
~

= {f(ad5 then a+3 else a-z)%6

(a) A conditional schema and (b) its

Fig. 2-23
implementation for b:
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a<g do

rerresents the iterative computation while

a+4.
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Execution of a machine program consisting of activity
templates 1is viewed as follows: When a template 1is
activated by the presence of an operand value 1in each
receiver, the contents of the temrlate from an operation
racket cf the forr

operation packet : <opcode, operands, destinations>
such a packet specifies one result racket having the form

result racket : <value, destination>

for each destination field of the template. Generation of
a result packet, in turn, causes the value to be placed in

the receiver designated by its destination field.

Another exarple is Butterfly of a Fast Fourler
Transform shown in Figure 2-25. The expressions teing

evaluated are

A = A+CcosX+DsimxX
B” = B-Csinst+Dcosot
C” = A-Ccosd-Dsim
D = B-Dcosol+Csinx

These can te tuilt up from six sirple nodes performing the
fvncticns of additiom, subtraction, multiplication, sin,
cosine, and duplication of a value. A node becomes exe-
cutatle when its input values(tokens) are available. Fol-
lowing this principle it can be seen that, assuming at
least four execution units, the computation can be per-

formed in seven steps as indicated ty the number adjacent
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to the nodes. The total number of nodes in the grarh is 21
and therefore the computation has an average parallelism

of three.

2.6.3. Data flow principles

Treleaven (197¢)([23] presented four basic principles
of all data flow schemes :
(1) An operation is executed as soon as all 1its dinrut

(z2]Treleaven, P.C.: Exploiting Program Concurrency in
Computing System, Computer, vol.l2, pp.42-4S, Jan. 1€79.
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values are available.

(z) When an oreration 1is executed, the 1input data
values are no longer available as inputs .to any operation.
They can produce more than one output value.

(2) There is no concept of data storage and orerations
are not allowed to retain internal state information.

(4) No sequencing constraints are given beyond those
irplied by the data flow specification - that is, there

are no control flow specifications.

Ny
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xécution

The basic instruction execution mechanism used in a
number of past data flow rrojects is shown in Figure Z2-26.
The data flow program describing the computation to be
perfcrmed is held as a collection of activity templates in
the Activity Store. Each activity temrlate has a unique
address which is entered in the Instruction Queuve unit (A
FIFO buffer store) when the instructior is ready for exe-

cuticn.

The Fetch unit takes an instruction address from the
Instruction Queue and reads the activity temrlate from the
activity store, forms it into an operatlon packet, and
passes it on to the Oreration Unit. The Operation Unit
perferrs the operation specified by the operation code on
the orerand values, generating one result racket for each

destination field of the operation packet. The Update



7S

Operation !
Unit(s) H

Queue

1
|
Store !

—————— message link
---->> read/write access
----- > read access

Fig. 2-2€ Basic instruction execution mechanism

unit receives result packets and enters the values they

carry 1into orerand fields of activity templates as speci-

fied bty their destination fields. The Update wunit also

tests whether all operand and acknowledge packets required

to activate the destination instruction have been

received, and, if so, enters the instructlion address in

the Instruction Queue.

During program execution, the number of entries 1in

the Instruction Queue measures the degree of concurrency

Iresent in the prcgram. Once the Fetch unit has sent an

operation packet off to the Operation Unit, it may immedi-

ately read another entry from the Instruction Queue
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withcut waiting for the instructicn previously fetched to
be ccmrletely processed. Thus a continuous stream of
oreration packets may flow from the Fetch unit to the

Operation Unit so long as the Instruction OQueue 1is not

empty.

2.€.2

~Watson and Gurd (167¢)[24] presented the Manchester
Lata Flow Prototype at the University of Manchester. They
ccnsidered the basic elements of a data flow machine must
ccntain parallel rrocessing units which perform the nodal
orerations, a stored descrirtion of the directed graph and
a mechanism for collecting and matching tokens. The first
two requirements can be realized using standard processing
and stcrage techniques; the matching operation 1is mcre

comrlex.

Figure 2-27 shows the basic architecture of the Marn-
chester Data Flow Prototype. The Instruction Store is a
RAM which holds the directed graph description. Fach entry
is in the form of a nodal operation and the addresses of
the sutsequent nodes to which the outrut tokens will te
directed. The processing units are microprogrammed
micrcprocessors with a distribution system. The distritu-

[24]watson, I., Gurd, J. "A Prototype Data Flow Comput-
er with Token Iatelling , AFIES, Conference Proceedings,
NCC, pp.623-628, 1S7S.
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tion system, on receipt of an executable package, will
select any processor which is free and allocate the nodal
oreration. The Switch provides input and output for the

system. Initial tokens are directed to the starting nodes
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of the computation. A special destination address inm the

final nodes of the graph allows tokens to be output.

The Token Queue is a FIFO tuffer which equalizes data
rates around the system. The Matching Store is associative
in nature, although it is implemented using conventional
randem access store with hardware hashing techniques. The
associative address is formed from a concatenation of the

latel and next instruction fields; the value field is the

token value.

In order to execute a program, the graph description
is entered 1into the instruction store. The initial data
tokens are inrut into the Token Queue via the Switch. For
examrle, Figure 2-28 shows a very simple graph to form the
sum c¢f the prroduct of two rairs of numdbers. together with
an irdication of the Instruction Store entries and initial

toker formats. The label is not used in this case and 1is

thus set to zero.

The tokens, on reaching the front of the Token Queue,
can access the Matching Store derendent on the Next
Instruction Inforration. An access to the Matching Store
will cause an associative search of the store. If a token
is found with the same labdel and Instruction Address it is
removed to form a token pair. If no match is found, the

incoming token is written to the store.
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-=>(ADD )<~~ A = (W¥X)+(Y*2)

Instruction store entries

Address.Operation,Next instruction”A“}Next instruction’R’

| jAddr Left/Right tAddr Ieft/Right
1 MPY 2 L NONE
pa MPY 2 R NONE
3 ADT OUTPUT NONE
Inritial tokens
Value Latel Next | instruction
Addr | left/Right

W )} 1 L

X 2 1 R

Y 2 4 L

Z )} 2 R

Fig. 2-28 A simple grarh and its machine representation
Tcken pairs from the Matching Store now access the
Instruction Store and form an executable package. This is
distrituted to any free processor for execution. Tokens
rroduced bty the processors are entered on the tack of the

Token Queue via the Switch.

This operation proceeds in a ripelined manner around

the ring structure until the computation is complete and
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all cutput tokens have been produced. Each unit communi-
cates with 1its successor and tpredecessor by a two-way
handshake interface. This ensures that if, for example,
all processing wunits are busy, the ring operation is

susrended until the necessary resources become available.

2.6.6. The MIT Architecture

Another example of the data flow model 1is the MIT
data flow architecture which was presented by Dennis
(1¢7¢) (28] . The structure of this machine is shown 1in
Figure 2-28. Each instruction is equally accessible to
result packets generated by any other instruction,
inderendent of where they reside in the machine. The heart
of this architecture is a large set of Instruction Cells,
each ¢f which holds one activity template of a data flow
prograr. Result rackets arrive at Instruction Cells from
the TIistritution Network. Each Instruction Cell sends an
operation packet to the Arbitration Network when all
orerands and signals have been received. The function of
the Operation Section is to execute instructions and to
forward result packets to target instruction by way of the

Distritution Network.

18] Dennis, J.B., Leung, C.K.C., and Misunas, D.P., A
Bighly Parallel Processor Using a Data Flow Machine
langvage, Latoratory for Computer Science, M.I.T., CSG
Meno 124~1,p.21, June 167S.



- - - - - — - -
- - ——-——
- . — - — - —————— ——— T - —— — - - -

3 f E - | | 3
-=(=>IDistri-}-—(-}-=>l1C)-=tac(==>"! ion!—-

5 sbution % E E I-EI i ? EOperatloni >

. a 5 EInstruc- b 3 3
RO o T
: 1 : } ] '! l“ | } } } }
| ——$->=Network:--s-:---.ICl--i--s-->55ection i--> a
i }' v ] E o ] i v 1 }'
i --Result ---- --Cperating packet |
, packet |

As shown in Figure 2-2¢, the Instruction Cells are
groured into ©blocks and each block realized as a single
urit. Such an Instruction Cell Block has a single 1inrut
port for each result packet and a single output port for
each operation packet. Thus one Cell Block unit replaces
many Instruction Cells together with the associated por-
tion of the Distribution Network. In order to reduce the
romter of 1interconrections between Cell Blocks and other
units, a byte-serial format for result and operation pack-

ets is chosen.

The resulting structure is shown 1ir TFigure 2-38.
Several Cell Blocks are served by a shared group of func-
‘tional units P1,..., Pk. The Arbitration Network in each
section of the machine passes each operation packet to the

arrrepriate functional unit according to its opcode.
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The numter of functional unit types in such a machine
is 1likely to te small or just one universal functional
unit type might be provided in which case the Arblitration

Netwerk tecomes trivial.

The relationship between the MIT architecture and the
tasic meckanism descrited earlier becomes clear when one
considers how a Cell Block unit would te constructed. As
shown 1in Figure 2-31 a Cell Plock would include storage
for activity templates, a tuffer store for addresses of
enabled instructions, and control units to receive result
rackets and transmit operation rackets that are function-
ally equivalent to the Fetch arnd Update units of the basic
mechanism. The Cell RBlock differs from the basic data flow

Frocessing element in that Cell Block contalns no
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Fig. 2-31 Cell Rlock implementation
functional units, and there is no shortcut for result
rackets destined for successor instructions held in. the

same Cell ERlock.

2.7. Summary

In this chapter we investigated five possible models
for descriting distributed computations. The hierarchi-
cal model is the simplest one which can apply to the
hierarchical systems. The main topics of the CFU cache
model are how to balance the work load between the user’s
minicorputer and central machine and how to minimize
interprocessor communication.

Tc eliminate the central machine ard connect all the
perscnal computers by a high sreed local network is

another approach of distributed computation. The wuser-



88

server model allows a wuser to request support specific

functicns from various centrally located server machines.
Tbhe pool processor model provides a way to fully util-
ize idle machines by having computations te carried out by
a rool of processors.
Firally, the data flow model is a paradigm for highly

cencurrent and parallel distributed computation.



CHAPTER 2 EXAMPIES OF DISTRIFUTED COMPUTATICN
IMPIEMENTATICNS

In this Chapter, we will present seven examples of
distrituted computation that have teen implemented or are
ir rrogress. We will describe the design and functions of

each system, and then classify them into the five models

rresented in Charter 2.

.1 Task Allocati

7
4

10

n System - Distrituted Computing System

Ma and lLee (1¢82)([2€] presented a task allocation
system that allocates aprlication tasks among Trocessors
in & distrituted computing system. The system must allo-
cate tasks among distributed processors to achieve the
following goals:

(1) allow specification of a large number of con-
straints to facilitate a variety of engineering arplica-
tion requirements.

(z) talance the utilization of individual processors in
the distributed computing system.

(Z) minimize interprocessor communication cost.

The task allccation system shculd have a structure

[z6]Ma, P.R., lee, E.Y. and Tsushiya, M., "A Task Allo-
caticn Model for Distrituted Computing Systems, IEFE
Trars. on Comp., vol c-31, NO.1, Jan.1€82, pp41-47.
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to effectively satisfy these goals. We define items as

follows:

Task prerrocessor - The task prerrocessor analyzes the
arplication task to acquire relevant information such as

courlirg facters amorng tasks and task attribute sizes.

Courling factor - The coupling factor between tasks 1is

Task Preprocessors

Determine !
.Ccurling factors of tasks |
.Attributes of tasks !
.Size of attributes |

Allocation Model !

Allccate tasks onto proc- Tetermine
esscr to satisfy : .Interprocessor

.Icad talance .Attribute tounds of
.Arplication requirements each processor

[}
| |
| |
| |
Minimum cost i distance i
| :
[} }

| .Simulate the application |
| tasks and network to verify |
|  the allocation results |

Fig. 2-1 General structure of the allocation system
and its supporting functions
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measured by the number of data units transferred from one
task to another. The unit of data may be word, byte, or
bit.

Attributes - The attributes are the 1inherent charac-
teristics of tasks, for example, the number of executatle
statements, or the maximum allowatle execution time.

Network preprocessor - The network preprocessor exam-
ines the distrituted network and rrovides information on
the netwerk architecture which includes the interprocessor
distance and rrocessor constraints.

Interpreoccessor distance - The 1interprocessor distance
is conceptually the physical distance between two proces-
sors. BHowever, it may represent any type of cost that can
be measured in time or in dollars.

Processor attritutes - Processor attributes are the
hardware constraints of the processor. For example, the
attributes may te the MIFS (million instructions rper

second) rate, storage space, etc.

3.1.2 Functional design

In order to design a mathematical model for a task
allocation system, we need three steps:
(1) formulate the cost function to measure the inter-
processor comrunication (IPC) cost and processing cost.

(2) formulate a set of constraints to meet the diverse

requirements.
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(2) derive an iterative algorithr to obtain a minimum

total cost solution.

R - 2 T2

Ccst function - The cost function is formulated as the

sum of the IPC cost and the processing cost.

IFC cost - IFC cost is a function of both task coupling
fectcrs and interrrocessor distance.

Ccurling factor Cij - 1is the number of data wurnits
transferred from task i to task j.

Interprocessor distance Dkl - is certain distance-
related communication costs associated with one unit of
data transferred from processor k to rrocessor 1.

Interprocessor cost - if task 1 and J are assigned to
processors k and 1, respectively, the interprocessor cost
is (Cij*Dk1l).

Processing cost Qik - the cost to process task 1 on
rrocessor k. It can be wused to control the processor
assignment. For example, if task 1 must not ©be executed
on fprocessor k, a very large value can be assigned to Cik
to irhitit the assignment.

Assignment variable - Xik = 1, if task i1 1is assigned to

rrocessor k, Xik = @, otherwise.

Total cost for processing the tasks is EE(WOikXik + ;E_
4 P,
(C1j * Tkl) XikXjl). The constant W is used to scale pro-

cessing cost and IPC cost to account for any difference in



measuring units.

B. Constraints

In order to achieve load balance and meet application
requirements, the task allocation system has to consider

several constraints as shown in Table 2. The memory attri-

bute 1is rerresented by _2P1Xik <= Sk, where Mi is the
amcunt of memory required b; task i, Sk 1is the memory
capacity at rrocessor k. This attributes states that the
arount of memory required for all tasks assigned to a pro-

céssor must not exceed the processor memory capacity.

The task preference matrix is represented by an m*n
matrix P. m is the number of tasks and n is the number of

Frocessors, where Pik = ¢ implies tkat task i cannot Dde

i Pounded Representation of the constraints |
| Attritutes | associated with the tasks and/or |
| processor, e.g., task size is bounded |
E by availatle memory storage E
[ Dintatetebabetatabetaball Rabatebabeinbabaiat bbbttt i
| Task A task is preferred to be allocated

|

|

i
i
i
i
i
i
i
i
i
i
|
Preference | to a certair processor
i
i
i
i
i
|
i
i
i
i
|
|

|

| Task Certain pairs of tasks must not be |
E Exclusion assigned to the same processor E
ettt atedatelabebal el i ab el S utetiabeb e sinttesabebetaheint b nh b i
| Task Certain tasks must be assigned to !
| Redundancy | two or mMOTe Processors |
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assigned to processor k, and Pik = 1 otherwise. The task
exclusion matrix is represented ty an m*m matrix E, where
E1) = 1 implies that tasks i and j cannot be assighed to

the sare processor, Eij = @ otherwise.

The algorithm was derived from a tranch and bound
(ER) method[27]. To use the BR technique, the allocation
protler is represented by a search tree. The allocation
decision represents a tranching at the node corresponding
to the given task. Consider a problem of allocating m
tasks among n processors. Staring with task 1, each task
is allocated to one of the n processors subject to the
constraints irposed on the relations on tasks and proces-
sors. The numter of tree level m corresponds to m tasks. A
tath from the root node to the last node 1is a complete
allocation; otherwise, it 1is a partial allocation. The

cost of a path is computed according to the cost equation.

This has been modified for the task allocation algo-
rithm. The following rules determine whether the selected
tranch 1 for a given node k should be eliminated.

(1) Rule F checks the preference matrix P for task k
and yrccessor i. If Pik = @, the branch is eliminated.

(z) Rule E checks the exclusive matrix for task k. If

[27]F.G.Coffman, Jr.,Ed., ~Computer and  Job-Shop
Scheduling Theory, N.Y.:Wiley,1€7€.
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task 1 which 1s mutually exclusive to task k has already
teen allocated to processor 1, branch i for node k is
eliminated.

(Z) Rule RF checks the cumulative requirement of tasks
agalrst the rrocessor memory caracity. As task k is
assigned to rrocessor i, its size is added to all tasks
which are already in processor i. If the cumulative size
of all tasks exceeds the processor’s memory capacity,
tranch 1 for node k is eliminated.

(4) Rule D compares the partial cost L with the cecm-
plete cost U. (Note: Lower bound function L assigns a cost
lower tound tc each rartial solution. Cost upper bound U
of a complete solution is known at the beginning of the
algerithm.) If L is greater than U, the solution cannot be

improved. Hence, branch i for node k is eliminated.

If tranch 1 of node k satifies all these four rules,

the allccation is made.

Classification - CPU cache model

)
-
X

The task allocation system seems to best fit the CPU
cache model for the following reasons:
(1) The goals of allocating tasks among distributed
processors are the same, that is,
(a) talance the workload of €ach processor.
(t) minimize the 1interrrocessor communlication cost.

(2) In Chapter 2.2, we described graph theory to assign



ce

modules to processors. In this example, we have a dif-

ferent aprroach to allocate 23 real-time software tasks

into three processors.

3.1.4 Application

One examrle where the task allocation model could te
arplied is in an Air Defenmse (AL) system (see Figure 3-2Z).
This described the data processing system interfacing with
the radar and the interceptor. Sensor data from the radar
are intut to the system which tracks and keeps under con-
stant surveillance all possitle attacking reentry vehicles
(RV) and commands the radar and the interceptor to prevent
any RV from openetrating the defended area. 23 tasks are
identified in Figure 3-Z2 (only 22 are shown, the other 3
are nct implemented yet). These tasks are arranged into
seven rajor tfprocessing threads, each consisting of a
number of tasks as shown in Figure 3-3. Because of the
real-time critical nature of this arplication, they must
meet the port-to-port (FTP) rrocessing times which con-
fines the total execution time of the specified thread
within a certain prescrited 1imit. Therefore, any alloca-
tion of the tasks to the processors must first satisfy
these PTP time requirement in order to be qualified as a

valid allocation.

A simulator([28] was designed to simulate the AD data
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Flg. 3-2 Major processing threads
and port-to-port time requirements

processing system. The three processors were simulated as
homogeneous, fully connected computers with 1.5 million
instruction per second (MIPS) rate each. They also built
the task sizes (in machine language instructions) and task
ccurling factors (in words) used as inputs into the simu-
lator. Some examples are shown in Table 3. In the follow-
ing, the task allocation model is arplied to the AD data
processing system and its results are compared with those

ottained from engineering experience.

Allocation A (Figure 3-4a), based on the engineering
experience, was designed to satisfy the PTP time ty
evently loadipg the tasks on the processors with an equal
MIPS rate. Allocation B (Figure 3-4b) was based on the

(28]M.L.Green et al., The DDP underlay simulation ex-
periment: Tractical applications and d-RTOS model, TRW
Teferse Space Syst. Group, May 1S€¢.
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allocation algorithm derived previously. These two alloca-
tions A and B were tested on the simulator. The result is
shown in Table 4. A satisfies the PTP time requirement and
achieves good 1load talancing at the expense of high IPC
cost. } shows similar load talancing effects, bdut at a

lower IPC cost.



£.2 Central File System (CFS) - Distributed file system

The Central File System (CFS) has been designed as a
back-end file system for the computing enviromment in the
Depart}ent of Computer Science at Carnegie-Mellon Univer-
sity. This environment currently consists of a variety of
machine such as PDP-10@s, VAX-11/78@s, PDP-11s and
Altos[2S] connected together ty a 1local network. The
Stice[2@] machines currently under development will te

added to this environment when they become available.

The CFS will rrovide a central facility on which
local file systems may store files and from which they may
retrieve them. Files on the CFS e&re accessible to all
machines on the local netwcrk. Besides permitting sharing
of files, the CFS will also provide a means of 1indefin-
itely archiving the current and past versions of all such

files.

Tte design of the CFS draws upon ideas from a variety
of existing file systems. The directory structure is tased

on that of the UNIX file system. The stable storage and

[29]Tacker,C.P.,McCreight,E.M.,Lampson,B,W.,Sproull,R.F.
and Poggs,D.R., Alto: A personal computer, Technical Re-
port CSI-7S-11,Xerox Palo Alto Research Center, August
1879.

. [2@)repartment of Computer Science, Carnegie-Mellon U.,
'Proposal for a Joint Effort in Personal Scientific Com-
puting,” August 1S€0.
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transactions are tased on work donme at Xerox and IEM. The
Multics [31] and Hydra[232] file systems have also had an
inflvence on the design of the CFS. Besides, the promise
of extremely high storage density write-once media such as

videc disks[32] has influenced the archival and migration
featuvres of the CFS.

The prototype system will te implemented orn a VAX
vnder the TUNIX operatiné system but completely distinct
from the UNIX file system. The first two file systems to
be 1interfaced to the CFS will te the VAX UNIX file system
and the Spice file system[24]. UNIX will treat the CFS as
a central storage area for common system files and as the
primary tackup and archiving area fcr general files. The
Srice file system is teing designed with the intent of
providing the Spice user with a local file system which

resembles the CFS as closely as possible.
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The CFS provides users with a wide variety of ser-

vices. CFS services will te provided over the network by

[21]0rganick,E.L., "The Multics System:an Examination
of its Structure, MIT Press, Cambridge, Mass.,197z2.

[22]Almes,G,and Robertson,G., ‘An Extensible File Sys-
tem for Hydra, Proc.of 3rd Intern. Conf.on Software En-
gin. IEFE,May 1578. .

[’3]White R.M., Disk Storage Technology, Scientific
Arerican 243( ), August 1S8¢.

[24]Thompson,M. ,Robertson,G.,Satyanarayanan,M. and
Accetta,M. “Spice File System, Technical Report, Lerart-
ment of Computer Science, CMU 1¢E24.
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four server rrocesses:

(1) Authentication Server - which handles the initial
ccnnection protocol between users and the CFS, and estabdb-
lishes the authenticity of the former.

(2) File Server - which rrovides access to the physical
data ir files.

(2) Name Server - which supports a directory structure.

(4) Archive Server - which interacts with the File
Server to handle automatic archiving and migration func-
tion. It is invisible to user.

Coemrunication - Interprocessor Communication TFacility
(IPC)[2E] will be the sole means of communication between

users and the CFS, and tetween the components of the CFS.

At the lowest level, the CFS will provide the common
storage mechanisr for files from all users. It will sup-
rort files with differing data characteristics to simplify
the sharing of compatible data between a variety of local
file systems. At the higher level, the CFS may be viewed
as an extension to each local file system. Basic functions
of the CFS are:

(1) Creating and deleting files.
(2) Reading and writing file data.
(2) Updating file statistics and charging access

(251 Rashid,R.F., An Inter-Process Communication Facili-
ty for UNIX, Technical Report CMU-CS-8¢-124, Department
of Comruter Science, CMU, March 1¢8¢.
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Ir order to use the services of the CFS, a user must
first establish a secure connection with it. This connec-
tion is set up ty sending a login message, consisting of a
C}S wuser name and password, to a public port of the
Authentication Server. As a result of a successful login,
three authenticated ports are built and returned: one to
the File Server, another to the Nare Server, and the third
to the Authentication Server. These ports are used for all

fvrther communications with the CFS.

The connection to the CFS is terminated by sending a
logout message to the Authentication Server port. This
deallocates the File, Name, and Authentication Server

forts and closes the connection in an orderly manner.

File Server

A file i1s stored on the CFS as an ordered collection
0f data units divided into rages containing a fixed numter
0f those data units. A file may be stored in either stan-
dard storage or stable storage. The data pages of a file
stored in standard storage are recorded in only one place

on the CFS while the data pages of a file stored ir statle
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storage are recorded in two different places on the CES.
Files stored in statle storage are less likely to be dam-
aged during a system crash than are files stored in stan-
dard storage. Because it is exrensive to store and change
data in stable storages, most files will bYe stored in
standard storage. Only extrerely important files will te
stored in statle storage. The storage locations of stable
pages are chosen so as to reduce the chance that both
coples can be damaged at the same time (on different
platters of a disk pack). The two physical copies of any
stable logical page are always written by the File Server

in the same order so that they can be btrought into agree-

ment after a crash when they are not identical.

Every file is uniequely 1identified by 1its file IT
(FID). FID’s are the only means by which files are iden-
tified to the File Server. The file has four properties:

(1) Mutability: {variant, Invariant}

The mutability of a file determines whether the data
in that file can be altered after file creation. An
invariant file can never have its data altered, whereas
variant files can be so altered.

(2) Storage: {Standard, Stable}

Standard storage files are archived soon after their
creation on the CFS. Statle storage files are stored in
two rlaces on the CFS.

(2) Data: {Universal text, binary of various sizes}
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The CFS will te connected to a various of machines

with different word sizes and different software conven-

tions regarding text files.
(4) Advisory File Type: {User-defined}

To create a new type, a user could create a file and
entér a descrirtion of the type in that file. He could
then try to enter the FID of this file as version one of
the tyre name in the special directory.

Name Server

The Name Server provides three primary functions:
(1) It maps nares chosen by users to unique identif-
iers.
(z) It provides a directory structure that aids users
in organizing their files in a logical manner.
(2) It aids shbaring of files by supporting shared
directcries and yprovides conmtrol over the extent of this

sharing.

The Name Server maps name to values, and so allows
user-defined entries as well as files. The directories are
stored in stable storage as variant files. There is a name
archive associated with each directory so that names would

not te damaged during a system crash.

Archive Server
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The primary function of the Archive Server 1is to
malntain on tertiary storage cories of all files ever
created by the F¥ile Server on secondary storage. The
design of the Archive Server is based on the premise that
extremely large (of the order of 18%*1@ bits rer rplatter)
randcm access write-once memories such as video disks will

te ccmmercially available in the near future.

The only component of the CFS that is aware of the
rresence of the Archive Server is the File Server. The
relationship tetween secondary storage on the File Server
and tertiary storage on the Archive Server is analogous to
that between cache and main memory when a write-through
caching strategy is used. Alterations to secondary storage
cause teritary storage to te updated. However, wunlike a
write-through cache, interactions between secondary and
tertiary storage are asynchronous. There can te 1indeter-
minate delays between the queuing of a request by the File
Server and its execution by the Arckive Server. During
this reriod the File Server may continue to attend to user
processes and queue further requests to the Archive
Server. On completion of a request, the Archive Server

notifies the File Server of this fact.

We will classify CFS example and the next SWALLOW
examrle together, tecause they toth fit the user-server

model.
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SWALLOW is a distributed data storage system that
supports highly reliable 1long term storage of arbitrary
sized data objects with special mechanisms for imilement-
ing multi-site atomic action. SWALIOW[36], was develogped
at MIT, is an integrated system of servers that Tprovides
reliable, secure and efficient storage for clients through
a network. The components of SWALIOW are repositories,
avthentication servers and brokers. Each item is descrited
as follows:

(1) Repository - A repository is a server that rrovides
very reliable storage for client data in SWALLOW. It is a
processor that is connected to a configuration of storage
devices.

(2) Authentication server - An authentication server
acts as intermediary to ensure that all communicaticns
within SWALLOW are secure.

(2) Broker - A broker is @ module in the client node
that acts as an interpreter for client requests. It medi-
ates interactions between the clients and servers in SWAL-

IOw.

"""128]Reed,D.P.,Svobodova.L., "SWALLOW:A Distrituted Data
Storage System for a Local Network, Intern. Workshop on
Local Networks by IBM Zurich Iab, Avgust 1€80.
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Figure 3-£ shows the general configuration of SWALLOW

in relationship to its clients. SWALLOW has five basic

features:

(1) Reliatility - It provides extremely reliable
storage. Thus the oprotatility that any cliert otjects
will ever be lost is near zero.

(2) Generality - SWAILLOW enables the clients to perform
any number of accesses (read and write) on an artitrary

set of otjects as a single, indivisible operation.
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(2) Security - SWALLOW protects all objects from unau-
thorlzed access, using encryption-tased mechanisms.

(4) Distritution - SWALIOW provides a uniform interface
for accessing the objects which may be distributed over a
local node and/or several remote repositories. In effect,
the clients can specify where they would like each object
to be stored, but need not remember the location in order
to access the object.

(£) Flexibility - SWALLOW supports objects of any size,
and in particular, very small otjects. Thus, SWALLCW gives
the client flexibility in structuring and managing 1its
data, since each object is treated as a separate entity
with resrect to protection and synchronization as well as

with respect to storage and retrieval.

A

3.2, SWALLOW mechanisms

- - -—— - - - e - -

SWAILOW is intended to be a very reliable storage
system. Basically, it 1is a set of protocols that allow
for prcper management of data that may distributed over
the 1lccal node and several remote repositories. There are
varicus underlying mechanisms that are used in order to
irplement these protocols. These rechanisms are tased on
those described ty Reed[37].

127]Feed,D.P., Naming and Synchronization in a Decen-
tralized Computer System, PhD Thesis, MIT, Septemter
1¢78.
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In SWALLOW, the functional unit of client data 1is
called an otject. The fundamental requests that a client

can sutmit to SWAILOW (through a broker) to be performed

on an cbject are:

Create Object

.o

write a new object into storage.
Delete Object : eliminate an otject from storage.

Read Object : return the current value of an otject.
Mcdify Object : assign a new value to an object and

write it into stcrage.

——e—dm e, R R =E am aao= - - - ——— - ——-—

CFS is a collection of various types of servers that
cooperate in order to provide a single, coherent system.
Also, CFS makes the location of the data distributed over
the 1lccal and rerote nodes transparent to the clients, as

does SWALLOW.

The most fundamental difference between CFS and SWAL-
ICW 1lies in the amount of flexibility the client is given
for structuring his data.

SWAIIOW supports artitrarily small objects and allows
the client to access these ctjects in whatever faction
stits the particular application. Ttus, SWALLOW provides
separate protection for every otject. Besides, SWALLOW

provides synchronization for accesses to any arbitrary set
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of otjects.

CFS forces the client to structure and access his
otject within the confines a file system. Thus, CFS only
provides protection for files as a whole. Furthermore, CFS

provides synchronizatior for access to artitrary sets of

otjects within a single file.

5.8.4. Classification - User-Server model

CFS and SWALLOW both fit the user-server model for
the following reasons:

(1) CFS consists of Alto personal computers and four
server rrocesses: Authentication Server, File Server, Name
Server, and Archive Server. That fits user-server model in
Figufe 1-3. Mhote: CFS has the Archive Server which we did
not present in user-server model.

(2) SWAILOW consists only two servers: Authentication
Server and Rerository Server. The functlon of Repositery
Server is the same as that of file server in wuser-server
model. Note: SWALIOW contains a new component - Broker
which mediates interactions tetween the clients and

SETVErs.

1N
N

WORM - Tistributed computation

3.4.1 Introduction

The WORM programs were an experiment in the develcp-

meant of distributed computations - programs that would
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Sfan machine toundaries, and also replicate themselves in

idle machines. A WORM is composed of multiple segments
each running on a different machine. The WORM maintenance
mechanisms were responsitle for maintaining the WCRM -
finding free rachines when reeded, and replicating the

rrogram for each additional segment.

A WCEM 1s simply a computation which lives on one or
more wmachines. The oprograms on individual computers are
descrited as the segments of a WORVM. The segments in a
WCRM remain in communication with each other; shculd one
of those segments fail, the remainirg pieces have the task
of finding another free machine, initializing it, and
adding it to the WORM. As segments (machines) Jjoin and
then 1leave the computation, the WORM itself seems to move
through the network. The WORM mechanism is used to gather
and maintain the segments of the WORM, while actual user

programs are then built on top of this mechanism.

The WORM prcgrams were constructed at the Xerox Palo
Alto Hesearch Center. This includes over 1909 Alto comput-
ers each connected to an Fthernet locel network[3g8]. In
additicn, there 1is a diverse set of specialized network
servers, including file system, printers, boot-servers,

name-lookup servers, and other utilities. The whole system

[2e]Metcalfe,R.M.,Boggs,D.R., Ethernet: Distrituted
Packet Switching for Local Computer Networks, Communica-
tions ¢f the ACM, July 1876.
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is cconected together with the FUP srchitecture of inter-
network protocols[3€]. This system can be viewed as a

16¢~-element multirrocessor to run a program.

The first task of a WORM is to fill out its full cem-
plement of systems. In order to do that, a WORM must find
some number of idle machines. We definme a protocol to aid
in this process, that is, a special packet format is used
to inquire if a host is free. These 1inquiries could te
broadcast to all hosts, or transmitted to specific desti-
naticns. Since multiple WORMs might be competing for the
same idle machines, we <could use a series of specific
probes, addressed to individual machires. In order to
determine which ©possible host to rrobe next when looking
fecr an additional segment, we have the following rrocedure

a segment begins with its own local host numter, and
simply works its way up through the address space. A seg-
ment sends packets to successive hcsts until it finds one
that is idle; at that point the program is coried to the

new segment and this host tegins rrobing for next segment.

After finding an idle machine, a WORM segment then

asks it to go through the standard network boot rrocedure.

e - - -

[(29] Foggs,L.R.,Shoch,J .F.,Taft,E.A.,and Metcalfe,R.M.,
"PUP:An Internetwcrk Architecture. IEEE Trans. on Commurn—
ications, April 1€é&e.
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In this case, however, the specified source for the new

programr is the WCRM segment itself. Thus, we have follow-

ing sequences:

1. Existing segment asks if a host is idle.

2. The host answers that it is.

3. The existing segment asks the new host to boeot
throvgh the network, from the segment.

4. The newcomer uses the standard PUPF procedures for
requesting a toot file.

. The Easy File Transfer Protoccl (EFTP) is used to

transfer the WORM program to the newcomer.

In general, the rrogram sent to a new segment 1is Just a
copy c¢f the program currently running in the WCRM; this
makes it easy to transfer any dynaric state information

intc new segments.

c.4.3. Classification - Fool processor model

WCRM programs fit the pool processor model for the
following reasons:

(1) WORM irncludes 120 Alto computers as pool processors
connected to an Ethernet local network. Fesides, there are
several fixed function server machines 1including file
servers, printers, boot-servers, and name-lookup servers.
Note: WCRM has boot-server which we did not present in

pool processor model.

(2) WCRM uses tidding algorithm to broadcast 1inquires



116

to all hosts. This fits the schedulirg algorithm descrited
in Sec 2.5.4.

3.5 LOCUS - Distributed cperating system

- i ———— - ———— —— = -

- - ————

LCCUS is a distrituted operating system that rrovides
a very high degree of transparency and supports high per-
formance as well as automatic replication of storage.[49]
IOCUS was designed at UCLA and its goals are as follows:
(1) making the develorment of distributed arrlications
easy,
(2) designing for high reliability, availability and

good rerformance of distrituted system.

It is application code compatible with UNIX and runs on
TEC-115s, model 44,4 and 79, connected by a high

btandwidth, low delay 1 megatit local ring network.

Network transrarency is one of the characteristics of
IOCUS. Network transbarency could be viewed as requiring
all resources to te accessed in the same manner indepen-
dent c¢f their 1location. If cpen {(file-name) is used to
access local files, it also 1is wused to access remcte
files. That is, the network becomes invisible, in a simi-

lar mapner to the way that virtuval memory hides secordary

- O - - - —

(46)Fepox,G.,Walker,B.,Chow,J.,Edwards,D.,Kline,C.,
Rudisin,G. Thiel,G., LOCUS: A Network Transparent, High
Reliabtility Distributed System, UCIA, February 1©€€1.
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storage.

3.3.2. System architecture

There are two significant levels of abstraction in
the LCCUS file system, which serves as the heart of the
naming mechanism. Low level pnames in LCCUS are globally
unique. The name space is organized around the concept of
file groups. As in UNIX, each file group is composed of a
srall set of file descriptors which serve as a simple low
level directory and a large numter of standard sized data
blocks. A file descrirtor contains pointers to the data
blocks which compose that file. Therefore, a 1low level
file name 1is a <file groupr numrber, file descriptor
numter>. The arrlication visible naming hierarchy 1is
irplemented by having certain 1low level files serve as
high level directories. An entry in such a directory con-
tains an elerent of a path name and the index of the file
descriptor corresronding to the next directory or data

file in the path.

The collection of file groups therefore represent a
set of naming trees. These are patched together to form
the single, network wide naming tree ty system code and a

network wide mount table.

A centralized synchronization protocol with distri-

tuted recovery was chosen for ICCUS. To open a file, a
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requést is made to the Current Synchronization Site (CSS)
for a given file group. This site is resronsitle for coor-
dinating access to the files contained in the associated
file group. However, it is not necessary for the CSS to
te the site from which data access is obtained. Any site
which has a copy of the file can support this open
request; that is, a particular Storage Site (SS) is desig-

nated to suppcrt an open request at the time of the open.

The two most significant specific conclusions which

were drawn from the LOCUS experience are:

(1) High performance network transparency in a local
netwecrk is feasitle.

(2) Network transparency in a local network Tpossesses
so rany advantages that a choice not to adopt it ought to

be very carefully Jjustified.

S.3.3, Classification - Integrated model

ICCUS does not fit easily into any of the five models
we described in Chapter 2. An alternative to the user-
server model is to design each machire’s software as a
complete facility, with a general file system, name
interpretation rechanism, etc. Each machine in the 1local
netwerk would run the same software, so that there would
be only one implementation. The system would ©be highly
configurable, so that adaptation to the nature of the sup-

rorting hardware as well as the characteristics of (wuse
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could be made. 1I0CUS fits into this model, which we will

call an integrated model.

et e ea -

A tackend storage network (BSN) is a logical sutnet-
work within a general purpose high-terformance local com-
puter network. According to Watson (198¢)[41], a BSN is
the collection of interconnected equipment that rrovides

shared storage services to a set of general purpose host

computers.

The Lawrence Livermore lLatoratery (IIL) Octopus net-
work was designed as a BSN (see Figure 3-6) with a set of
host ccmruters ccnnected to several functional bhardware
subnetworks. At 1least one of these subnetwork is the
‘frontend” terminal network, while the others are bhigh-
rerfcrrance “tackend” shared vperipheral networks. The
Octorus network has several deficiencies:

(1) Lack of hardware modularity - The addition of a new
kind of host or new functional subnetwork requires several
srecial interfaces.

(Z) Lack of software or 7protocol modularity - Each
frncticnal subnetwork tends to have its own special proto-

- - - - - -

[41]watson,R.W., Network architecture design issues for
tackend storage networks, Compcon, pp.224-224,Spring
1¢80.
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col.

(2) Difficulties of host-host or subnetwork-sutnetwork

intercommunication.
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Tc solve these rroblems, Watson is evolving the BSN

system toward the topological structure shown in Figure

¢-7. The important elements of this future network

epvirooment are:

Host file systems hared le s tem Authenti- Network
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| .
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Fig. 3-7 Future structure toward which the octopus
network is evolving
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(1) direct network interconnectivity among all systers.

(2) a central high-rerformance local network providing
large-capacity Frccessing and storage services.
() a remote or satellite environment consisting of

other local networks and remote comruters.

BSN seems to best fit a comtined wuser-server model
and pcol processor model for the following reasons: it
allocates some resources (rrocessors, disks) permanently
te each wuser and remains other resources in a pool to be

allocated on demand.

g.7. File servers for network-tased distributed systems

Several file servers and data storage systems
designed and developed in recent years will be briefly
overviewed in this section. The first two systems = CFS
and SWALLOW, we have already described in section 3.2 and
3.3. The purrose of this example is not to give a comrlete
descriptior of each system, but to present the overview. A
reader interested in a specific system is advised to read

the original papers listing below.

(1) CFS (Carnegie-Mellon Central File System)



123

{Accetta (1€0) [42], Ball (1c82)[43]}
(2) SWALLOW (MIT SWALLOW)

{Reed (1ce0) [44], Svobodova (1980) [4%],

Svobodova (1981)([46], Arens (1981)[47]}
(2) WFS (Woodstock File Server)

and its client-based extension
{Swinehart (1979)([4&], Paxton (1975)[49]}

(4) XDFS (Xerox Distrituted File System)

£42]Accetta.M..Robertson,G.,Satyanarayanan,m.,Thompsonx
M., The design of a network-tased central file system,
Tech.Rerp. CMU-CS-2@-134,Tep. of Computer Science,
Carnegie-Mellon U. Pittsturgh,Fenn.,Aug. 1580.

(42]Fall,E.J.,Fartacci,M.R.,Fahlran,S.E.,Barbison,S.E.,
Hittard,P.G.," Rashid,R.F.,Rotertson,G.G., and
Steele,G.L.Jr The SPICE project,  Computer Science
Research Review 1980-1981, Dep. of Computer Science, CMU,
Pittsturg, Penn., 1E€2, 5—36;

(44]Reed,D.,Svobodova,L., SWALLOW: A distributed data
storage system for a local network, in Proc.Int.Workshop
local Aetworks,Zurich, Switzerland,Aug. 1580,pp.38E-273.

[45]Svobodova,L., Management of the object histories in
the SWALIOW rerository, Tech.Rep. MIT/ICS/TR-243, lab. for
Cemputer Science,¥IT,Cambridge,Mass.,July 1S80.

[46]Svobodova,L., A reliable object-oriented data repo-
sitory for a distributed computer system, in Proc. &th ACM
Sympg. Orerating systems principles,ACM SIGOPS Operating
Syst. Rev. 1£,Dec. 19€1,pp.47-E8. .

[47]Arens,G.C., Recovery of the SWALLOW repository,
Tech .Rep. MIT/LCS/TR-2%52,Lab. for Computer Science,MIT,
Camtridge,Mass.,Jan. 1CS61. .

[48]Swinehart,T.,McDaniel,G.,Boges,D., WFS: A  simrle
shared file system for a distributed environment, 1in
Proc. 7th ACM Symp. Operating Systems Frincirles,ACM
SIGOFS Crerating Syst. Rev. 13, 4,Dec 1€75,5-17.

[49]Faxton,W.B., A client-based tramsaction system to
maintain data integrity, in Proc. 7tk ACM Symp. Operating
Systems Principles,ACM SIGCPS Orerating Syst. Rev. 13,
4,Dec. 1975,18-23. }

(¢]Llampson,B.W.,Sturgis,H.E., Crash recovery in a dis-
tribvted data storage system, Tech.Rep.Xerox Palo Alto
Research Center, Falo Alto,Calif.,Arr. 1979,



{Lampson (1979)(50], Strugis (198@)[51],
Mitchell (1¢e2)(s2], (1c82)[53]}

() UCFS (University of Cambridge File Server)
{Pion (1520)(54], Tion (19e1)[55],

Garnett (1¢80)[=6], Dellar (1ce@) (57],
(€) FELIX (Bell-Northern Kesearch)
{Fridrich(1ce1)[se]}
(7) RSS (Research Storage System)
{6ray (1c7e)(59], Gray (1¢e1) [ee],
Williams (1ce1)(€1]}

- - -

(E1]Sturgis,B.E.,Mitchell,J.G.,Israel,J.E., 'Issues in
the design and wuse of a distrituted file system, ACM
SIGCFS Operating Syst. Rev. 14, July 1980,pp.E5-6€.

[E2]Mitchell,J.G.,Dion,J., A comparison of two
netwcrk-based file servers, Ccmmun. ACM 25, April
1¢82,pr .233-245, .

(€3]Mitchell,J.G., File servers for local area net-
works, Lecture Notes,Course on Local Area Network, U. of
Kent, Canterbury,Fngland,March 1982,pp.83-114.

(4]Dion,J., The Camtridge file server, ACM SIGCPS
Operating Syst. Rev. 14,0ct. 1980,pp.26-35. .

[55]Dion,J., Reliable storage in a local network,
Tech .Rep. No. 1€,U. of Cambtridge,Computer Laboratory,
Cambridge,England,Fet. 1S81. .

(¢€é]Garnett,N.H.,Needham,R.M., An asynchronous garbage
collection for the Camtridge file server, ACM SIGCPS
Orerating Syst. 14, Oct. 1980,pp.36-4¢.

(s7]Dellar,C., 'Removing backing store administration
from the CAP operating system, ACM SIGCPS Operating Syst.
Rev. 14, Oct. 1580,pp.41-49. .

(e@]Fridrich,M.,Clder,¥., The FEIIX file server, in
Proc. &€th ACM Symp. Operating Systems Principles, ACM
SIGOFS Operating Syst. Rev. 15,Lec. 1581,pp.37-44. .

[es]lGray,J.N., Notes on database operating systems,
lecture Notes in Computer Science 6@, Springer-Verlag,
1€7e,pr . 203-481.

(é8]Gray,J .N.,McJones,P.,Blasgen,M.W.,Lorie,R.A.,Price,
T.G. Putzulu,G.F.,Traigeg,I.L., The recovery manager of a
data mranagement system, ACM Comput. Surv. 13, June
1¢e1,pp.222-242.

[E1]williars,R.,Daniels,D.,Haas,I.,lapis,G.,Iindsay,k.,
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L. Overview

(1) CFS from the Carnegie-VMellon University puts
strong emrhasis on the filing and access control aspects.
On the data-manipulation side, CFS offers two different
kinds of update: ome is an update of an entire file which
creates a new version of the file; the other is a transac-
tion wupdate that allows several transactions to use and
update the same version of a file. Transactions are 1lim-
ited to a single file. CFS 1includes various simrle
mechanisms which the clients can use to tuild customized
filing systems and multiple file transactions. This system

also includes automatic archiving.

(2) SWALLOW is a data storage system designed and
currently being implemented at the laboratory for Computer
Science of MIT. SWAIILQOW rrovides atomic transactions on
multiple files and multiple servers. It can also handle
even srall objects efficiently so that they can be stored

as separately nareable and retrievatle entities.

(2) WFS, developed at Xerox Palo Alto Center, was one
of the first dedicated network-tased file servers. WFS
Frovides a page-level access to remote shared files. A

client can 1lock a file, ©but the original WFS did not

—— e e e - - — - =

Neg,E. Overmark,R.,Selinger,P.,Walker,A.,Wilms,P., and
Yost,R., R*: An overview of the architecture, Tech.Rer.
RJ3225, IBM San Jose Res. Lab., San Jose, Calif., Dec.
1¢€81.
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include any mechanisms to ensure or to help 1implement
atomicity with respect to failures. Later in 1¢7¢, the
€xtended WFS system (EWFS) was designed to support atomic
transactions on multiple files and multiple servers using

mechanisms similar to the mechanisms used in XDFS.

(4) XDFS, also developed at Xerox Palo Alto Eesearch
Center, was a research project in designing very robust
multirle-server systems, using a two-phase commit proto-
ccl. It rrovides a bYase for general datatase-oriented
arrlications. Clients can read and write small sequential
sets c¢f tytes within a file. Atomic transactions may
involve multiple files on the same or different servers.
ILFS wuses novel time-limited ‘treakable 1locks for con-

currency control.

(¢) UCFS, developed at the University of Camtridge,
is an attemprt to imrplement a universal file server for
clients that are general-purpose operating systems. Spe-
cial ot jects called indices that can be used to build file
directcries are implemented. It is used by two different
operating systems, each of which imrlements its own filing
system using the UGCEFS indices. It also supports the vir-
tual memory of one of these operating systems[62] tut pro-

vides atomic transaction on single files only.

[62]Wilkes,M.V.,Needham,R.M., The Cambridge CAP comput-
er and its orerating system, Crerating and Programming
System Series, Elsevier/North Holland, 1¢7¢.
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(€) FELIX, developed at Bell-Northern Research, is a
general-purpose file server that provides atomic tranmsac-
tions on multiple files, tut transactions are currently
limited to a single server. Fvery time a file is updated,
FELIX creates a new version of the file. It supports the
notion of version copies: clients can get their own read-
only or writatle copy without having to copy the actual
data 1into another file. At the teginning of the transac-
tion, clients can declare all of the files to be included
in a transaction. In such a case, it is guarantted that
the transaction will not te atorted because of a conflict

with another tramsaction.

(7) RSS was developed at the IFEM San Jose Research
Iaboratory as part of the system R, a relational database
managerent system. It is neither a server nor a system
that ccntains a server; it runs on the same machine as its
clients. RSS is the part of the system R which is respon-
sible for transaction management and database recovery.
RSS rrovides atomic transactions on multirle files. A dis-
tributed system R, called R¥, which extends atomic tran-
sactions to multiple machines, is wunder development.
Because of 1its thorough design of tranmsaction management
and recovery functions, RSS was a rploneer project that

demonstrated usefulness and feasibility of the tramsaction

concept.



2.8, Summary

In this chapter, we present seven examples of distri-
buted computations. Some of which fit into five models we
descrited in Chapter 2, they are:

(1) Task allocation system - CPU cache model
(z) CFS and SWALILOW - User-Server mcdel
(2) WORM - Pool processor model

(4) BSN - Combined user-server and pool processcr rodel

LCCUS in examrple £ does not fit easily into any of
the mcdel. It is an alternate to the user-server model,
vhich we call an integrated model. As several file servers
were designed and developed in universities and industrial
fields, it is advisable that file server is the high light
of uvser-server mrodel. That is why we presented it in exam-

rle 7.
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