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L  ABSTRACT

L]

Packet Execution: A Ne)v Concept in Multiprogramming

)

- ' Angol Diez

" This paper presents a new approach to achieve an improvement of the
cost/performance ratio of a mu]tiprogrammng workload running on a

s1ng1e-CPU, via a mu]ti-micro-procgssor systqm, Tne. proposed approach is

based on the partitioning of programs into b]ocl;s called packets. These -

. packets trave'l in a’mu]tiprocessor network structure seeki‘ng the first idle 4

micro processor where the code po'forms the required function (execution,

I/O storage, etc). Should the peak work]oad 1ncrease the multiprocessor

.~ machine can easﬂy\ba upgraded by adding processors in a modular fashion.
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1.0 BACKGROUND.

The fdea of distributing the power of a 1arge CPU into a multitude of smal-
1er processors that perform individual tasks, wh11e offering a better per-

formance as a whole, -is not new. P. H. Enslow (ENS-1) identifies 63

mult¥processors of dffferent kind commerciﬁ]ly‘avai1ab1e. The multitude of
smaller, experimental systems is much greater. Ssvera1 well documented pa-
_ pers giVe an insight into the different aspects‘ of mu]tiptotessjng.
(FULL-1), (JEN-1), (DAV-1). t : Lo
.

v

When distributing a computer system, several questions arise. How should

the tasks executed in the uniprocessor be decomposed to run on a set of

smaller protessors?. should the processors be loosly coupled or tightly

cousled ?. What is the most efficisnt connection betweenprocessors: Bus,

ring, crossbar 7. How can the synchronization of pchesses and overhead be

controlled?. These and a multitude of other d1fferent questions have been o

addressed in the literature. Myers (MYE-1) among others stresses the need ) .

for matching the hardware structure with the software that 1s to be exe-

cuted in ft. s. I. Kartashev (KAR-1 &-2), for instance, addresses this A

- L problem by designing a dynamically variable multiprocessor system.
o _ . | . | | | ‘ ]

L.*Svobodota (SvVo-1) suﬁp]ies logicat reasons for a well organjyzed set of . C

; requirements in a distributed system. L A

Simulation studies and theory of message passing systems can bg found in
(MON-1), (HAL-1), (BRY-1) and (JEN-2).

Thet type of network used to connect the processors has a strong influence

U~ BACKGROUND. - o o
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‘ v on the throughput capabﬂm; of the mu]t’iproceséon system. General studies
of network organizations are found in (ENS-IA), (BAS-1 :&-2), (BER-1),

x (DAV-1). . . . ‘ |
! o r

: o ' (o
L v Following Svobodova (SVO-1) and Ha]stead (HAL-]) we have concentrated in

this project on fully d1str1buted systems where there is no centralized,

contro'l. Group of processors having ‘the same authority, dec&de, by message,

interchange, on fssues that affect a different group of processors. One way

of connecting processors 1nl the same group is by a loop or r1ng The advan:-
o tage of this type of connect1on is that loop protocols are easy to Ymple--

ment and expand. Loop netw0rks are ana]yzed in (JAF-l) (LIU- 1) (PIER 1),
.. (NEW-1). '

- Ina fu]ly distributed multiprocessor the operating system loses its iden-
tity as the control of resources is done by communications protoco]s rather
than .by central deci.sion making. Most operating systems up to date have
been buitt around a kernel.and higher 1evg1 processes that see the'hardwarg
in 3 synchrgnous and transparent fashion. ( '

. | Synchronizaﬁph of processes is vital to :avqid deadlock situations. Oper-
ating systems that spgcifica"lly stress this 1§sue are the THE (MCK-1) and
the RC-4000 '(‘HAN-,I‘)A. In this paper we émphasize synchronization by message
passing. - o . S :

. . .- \;9'.

Hierarchical structures are ana]yzed’-.in (GOO-1) and (PAR-1). Implementa-
tion of d1str1’but'ed operating -systems as a set of proce'ssor"s has been ana-
lyzed in (JEN-1), (BUH-lj, (MYE-1), (PRO-1), (BRO-1) and (WUL—'l). Most %
the systems analyzed in these papers show a certain centralization of func-

tions. We emphasize maximum -decentralization in a fully distributed

[

[a- 2N
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system. -

Systems that have substantially inflpénced our thinking are the STAR-0S and

‘MEDU§A operating systems, both ning on the Cm*'mu]t1processorg'(JON-l),
(JON-2), (SWA-1), as well as the SYMBOL machine and operatipg system. = *

(RIC-1). AN thése papers di;cuss the Timitations encountered when trying

.to distribute functions ip a multiprocessor. We feel that these constraints

can be mfn1mjzed with the concept of Packet Exécution.

¥ . "
-
> -

- ‘ ’/' i
- /
Q Y /
i -
- "\./"
o
-
» -
- ]
N N
- ‘ .
4 -’
v. . e
- .
Yo
> ,
/
/
" ' ~ -
/ .
] 1] - . .
"
T
o‘ ) ' -
* o
L4
.~ , -
& Lo "
BACKGRQUND. 3

¢

i
¥
k)
H
i
¥
1
.




/ B

2.0 PACKET EXECUTION: BASIC' CONCEPTS .

o A ~
.

.

- . STt
In a typical data processing shop the main CPU is shéred by programmers and
users to test, edit and compile pfograms as well as to run production ap-*

plications. At one point in time, many different programs are being sched-

uled and run by the centralized operating system and CPU. Bottlenecks
occur during peak periods and the typical answer to heavy CPU loading is to |

acquire either another iight]y-cbup]ed CPU or a faster CPU. In both cases,
the cost of upgrading is fa;:ly high. .~

' oy S ) A
We could reduce the CPU load by providing each programmer with -a
‘stand-alone microcomputer so that the editing, compiling and testing of fn-
d1v1dua1 programs could be done on these units. Unfortunate]y, this ap-

proach is rarely cost- effective because testing of -programs usually

requires access to large) centralized- code modu]es and data files. The

~ amount of main memory and disk space associated with the individual micro~

computers would, most 1ikely, be prohibitive. .

~

We could also reduce the CPU load by eiecuting programs or portions of pro-
grams on a multitude of small processors. To achieve this task in an effec-
tive manner the pirocessors shouyld operate asynchronous]y This medns that.
no dependencies should exist between the different execution units. More-
important, the programs have to be decomposed 'in blocks that are
se1f~§ddressab1e.' (We'will call these blocks packgts from now on.) In

other words, the programs or parts thereof should be accessible to any pro-

cessar in the machine regard]ess of their pos1tion in main memory or disk. '

In this way, centralized files and data bases are accessible to all the us-

,:'ers, while the task of executing programs {s uniformly shared by theddif-

A
- d

- - , ’
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ferent execu'gion units.

Th'ese execution p.roéessors only requ‘l'r,e a f;*act1on of the speed and operat-
mé system overhead of the centraHzed CPU. 'N'aturally, the overhead associ-
ated with routing the individual packets to the di fferent "processors,
increases. We feel , however, that this communications overhead can be mini-
mized with an adequate destgn.

s S~

To ﬂ]ustrate our approach, 1 t us ‘consider programs and data fﬂes struc-
The—

<

tured 1n the foHow1ng way:( see Fig. 1)
b ,
- The obJect code of program A 1is decomposed in blocks Eal]ed Instruction
Packets (IP) Each IP references variables, subroutines and data files
whose descriptors are conta1ned in Environment Packexs/ (EP). Data files are
alsq decomposed“in Data Packets (DP). To run program A we start by lead!ng
the first iP and EP of the program as well as the data ‘packet.s‘ referenced in
the EP. These are IP1A, EP1A, DP1 and.DP2. This set of p‘ackets can run on a
stand-alone execution processor and férm a goou‘p called Packet Group.
To spe,ed-up‘( 'exe'cution, we also want to load in memory all the packe{;s' that

, are most likely to be dispatched next. These are referenced in the EPIA

paci(et IP2A,EP2A,IP3A,EP3A,DP3 and DP4. This set of packets, togeth(

~with IPIA, EPlA DP1 and DP2 form: the Packet Group ‘S8t of EPlA
/

The abstract machine that can run programs decomposed in this fashion is

- 11lustrated in Fig. 2. We call it PACOS (Packetized Comﬁmng System). Pro-,

cessors are interconnected by a ring network. Vertical rings will be.called
Slices Horizontal rings will be called Loops. When we refer to the func-
tion that each Loop performs, we will be talking about l&ds. There are

PACKET EXECUTION: BASIC CONCEPTS S "5
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four Leveds in PACOS, each Level consisting of several pee‘r p}'ocessors.,

1 R | . 1 LD

1 . o ) - . . . -~ ! - w
1. The User Manag.ef/ Level (UM . Level), "monitorgy (and controls on™

N, ' exceptions) the- execution flow of each grogram. It consists of several'«-

" UG

, ]

o t ;L' User' Manager Switches (UM-SLand Prgcessors (UMP).
. : . .\ ‘ . ' - . /

L o 2. 1/0 ‘is' cont?‘o]]ed ¥y the Devﬁe Nanager ‘Level. (DM Level) It consists,
v L A L4 *
Sivoay — of Device/anager Switches and Processors.(DMS-DMP)

i ; .
X » Lo P
3 . -

,

“ .

! [N ri" T < \
-~ ., P - -

§ . © A 3, Phe Memory Manager Level (MM Level), consists of several peer memory N R
; ‘ﬁ ) , .un1;, each one controlled by a Memory Manager Processor (MMP) and a
. Memory Manager: Switch (MMS). - Each MemorynMangger can hold several

Yy ) R self-addressable packets that may belong to d;fferent programs.

; : . 4. The execction unit .consists of several peer Execution Manager Process-
S ‘ T ors, each one‘>execut1ng a Packet Group at a<time. A Tocal memory holds
. " Ithe Packet Group nder execu.tion. Each EMP interfaces with PACOS via
an EMS (switch). ’

. LY
LN . . N

The general. prorcess1ng flow of packets with1n PACOS is exp1a1ned below, N

’* .. . . _taking as an example the program A of Fig.l. To s‘imp'ny the description, a

‘ ‘ sthgle SHce wi'll be considered c{ee Fig. 3). EP and DP packets are rout- ’
* - . ed to the desired destination by means of -Control Packets (CP) The switch-

' .,‘ o . es .(UMS, DMS, MMS and EMS) scan the header of the arr1v1ng Control Packets

and route them accordingly. Control Packet commands are explained in Sec-

e " tion 5.3. B CE A a

Initially, a user reque‘sts to runjprograwA f qn a terminal attached to the .

F " DMP. « e , ~,

Ly ' A oo
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1.~ The DMP translates this request into a CREATE(A) control patket that is
. ' . ‘ i

“sent.to ‘the UM Level

- ' S VU :
» . - .
2.- The UMP accepts the packet and sends a GET(EP1A, from UM to MM) control
packet requesting EP1A from memory. ' L )
Fila .

3.- As the EP1A packet does not exist in memory, the MMP retrieves it.from

di”sk by se.n,ding the stream: GET(PKT.GRP.SE(of ERIA, from MM to DM)

Nt

\\ ) 1
4.-~The DMP accepts the packet, retrieves the Packet Group Set of EP1A arﬁ
generates the packet: STORE(PKT. GRP.SET of EPIA, to MM).

\5.- The MMP stores all packets of the PKT.GRPc.wS‘ET and semd‘s't‘he stream:

SEND(EP1A,GLB.DP, to UM). GLB.DP is a DpP packet holding ai1 the g1obaT var-
jables of program A (See Section 6, p 42). This G’Ioba1 DP packet is only

] reqku1red once at creat1on of the program object.

- * K3 N : - * N io‘
. b

4. . [

6.-When the UMP recejvés EP1A plus the Data Packet ghat contains all ‘the

Qloba] yariables, 'I't'gengrates a request.to c‘ommence the execution of the
\f‘ir.st Packef?G?nug,‘ by lsgnding ;n imbedded SEND control packet:
SEND(SEND(PKT.GRP. 1, to EM) to MM).

. N . ‘
7.=-The MﬁP accepts the packet and generates SEND(PKT.GRP.1A, to EM):

)
[N v . : 5

¢

8.- The EMP accepts the Packet Group ‘and executes 'it” Oncexexecqt‘lop is A

4

finished, the EMP generates the block: UPDATE(EPIA, to UM)

~

&

IC

" 9.~ The UMP accepts the block and updates the EP’ packet (which provides 1n- oo

-formation about’ the current status of the program) as well as any g]oba1

PACKET EXECUTION:* BASIC CONCEPTS - R T

RN - . : ;
. . v A >




N

. and fsends STORE(PKT GRP.SET of EP2A, toMM),

UPDATE(EP2A, to UM),

i -
. ™ ) R
R v R &

" * variablas that might have been affected, before sending the stream:
UPDATE(EP,DP.PKTS, to MM) + SEND(SEND(PKT.GRP.2A, to 'EM) to \MM) +
GET(PKT.GRP:SET of EP2A, to MM). S, ' —

B - - . QA
10.-The MMP e block, updates all EP, DP pickets affected and )
sends th‘e stream: SE&D(PKT.GRB.ZA, te® EM). The second Packet Group is sent
to the EM.Levél for execution. If PKT.GRP-SET of EP2A does not exist fn me-
mory, the MMP retrdeves‘ it from disk by sending: -GET(PKT.GRP.SET of' EP2A, _ o

" to DM). - ' .- ' ‘ =l "

. : N
3 . " N - . ' 5\ ) N
11.-The EMP accepts PKT.GRP.2A and executes it. . ' ‘ f
T .
- \\ . . "’. .

) Lo
12 ~The DMP retr1eves PKT GRP.SET of EPZA requested by the MMP in step 10

1

)

143.-When‘ the PKT.GRP.2A has -finished ‘executfng, ‘the " EMP sends:

o oo . s e
L3 - . M
'

At this time the cycle repeats, going back to step 9, untﬂ the end of exe~

cution of program Alis: reached . A .

.

'Th'e packet f1ow has been described for a sfngle Slice and a single program.

Natura]]y, multiple slices wﬂl speed—up the execut1on of severa] jobs or

* tagks running inm\a mu]tiprogrammng environment The transfer of packets.1s_»

P

buses, ‘at very high speed. \rIe figure that the overall

done~'via papalle
perforlﬁa’nce":f' e machine will be quite high, as 1ong as the delay caused' T

by transfering packets remains a fraction of the time spent in’ process1ng' '

.chores 'such as< a) Execut1oq of .a P/acket Group 1in ‘the ‘EMP._ b) . .'

Stpr‘in‘gﬁ;/retrieving packets in the DMP. ¢) Storing/retl;"l'evilng pe'ckets in-

~

N .
. . . T o
. ) . s - . . '
, N
+ ‘e . . » ..
[N .
. . .
. PN 4 i
-~ . .
.
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the MMP A simulation of the packet flow will be quite usefu] in assessing
the consistency of our th1nk1ng

The proposed scheme offers several advantages:

1. Reliahility: If any unit faﬂs the rest of the system contfnues work-

14

1ng normaHy

»

~ 3 2.+ Modularity: As all unit in one group (or' 'Ieve]) are similar in con-

struction EXpansion and rep1acement of equipment is straiﬁht forward.

¢
5

3. . Cost: It is less costly to produce 1000 unjts of a VLS’ circuit board
thah 10 1ar'ger systems of 100 circuit boards each.

o

The disadvantages of this structure are:

1. The partitioning of a large program into several packets that run on,
"'diffe:ﬂen't processors in a'rLéfﬁc'lent manner, is still a chaHenging.

area of research. , . v
‘. , A\l

- - %
* . ) %

2. K _great deal of cabe has to be plated in the design of the communi-

<. catfons links and routing a]gorithms,’m order to avoid a degradation

5 . ' vy

in performance due to. transmission-delays.

-~

-’

» - ~
~
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" Fig. 1.- THE PACKET GROUP

3 - v

PROGRAM A _ _
PACKET GROUP SET o _
PACKET GROLP Y. ;

—> "
IP1A EPIA [<— DP1 "

<

b

s

N

> <d N>
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Fig..2.- PACOS ARCHITECTURE
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/ Fig. 3.- PACKET EXECUTION (ONE SLICE) . x

" UPDATE EP

UPDATE(EP,DP.PKTS TO MM)

SEND(PKT.GRP TO EM) TO Mﬁ}- |

GET(PKT.GRP.SET,MM)

[4

DMS }— DMP
RETRIEVE GRP.SET
STORE(GRP.SET,MM)

> | UMP
3 )‘:a
‘ | UMS
EXECUTE PKT.GRP ’
UPDATE(EP,DP M)
EMP |1 EMS
A

. MMs | <

A 3 <

* <

To <

DMS wvp |

A

UPDATE EP,DP.PKTS
RETRIEVE PKT.GRP

SEND(PKT.GRP TO EM)

GET(PKT.GRP.SET TO DM)
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., 3.0 THE PACKET GROUP
C ' /// » « ’

/ ' . ' C
S & y 7 a

! . H P

S, ¢
A Pag(et G'roup s defined as the group of packets that execute in a sin-
/ B « v !
gle/éxgcution Manager Processor. It consists of:
/ - - \! ) .

‘ / One Instruction Packet. (IP) that/holds the object.code.

13

/ LI i One Environment Packet (EP) that holds thé,vaﬂ‘aMes, labels and data

.

referenced in the code.
' ~

e ' One or more packets Data Packets (DP) that hold data. i . N

3
¢ 9

Packets flow through the distHbut.'ed machine by means of sﬁitches and com-.

mands inserted in Control Packets (cP). . - "

N - . -

-

i

Packets have a unique 1d3n,t1‘f1er that consists of the padket type, the ob-

ject number and the packet number. For example, to unique]&l identify the EP : i
: packet (code 01), number 15 ofﬁobje‘ct numBer'(OO..;01111101100000110) , We

simply have to refer toA the fol‘Howing pac‘k'et ICD: .

v
0 2 o 2. m . e ;
oafo0.. . 0111110M00000110[00.. .. 01w - 4 o
EP OBJECT NO. 30 bits PKT NO. 16 bits

/

To.11lustrate the operation of PACOS, a spééifﬂc ;ﬁachine organization will

.

be analyzed. . ' ] Lo

’

THE PACKET GROUP o A
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\;3. 1' INSTRUCTION PACKET.

We consider a machine that has the foﬂémng, addressing capabflities: Ob-

Jject address : 30 bits.(This gives one billion unique objects). Packet §d-
dress: 16 bits. (Th1§ gives 64 kPackets/ object). IP memo.ry §1;e: 1‘6'b1t“s.
(This gjv.es a maximum of 64 kwords/pac‘ket). EP "memory word, size: 64 bits.
Data memory word size: 64 bits. (six tagbits p]ds 58 Va"]ue bits).

A o ' o

-

t

This type of packet is identified by the code 00. The packet ha‘s ‘a header
consisting of the packet type (00), the object number (30 bits) and the
packet _number (16 bits). The object code follows the packet header. Opera-

tion code occupies one word (16 bits) and operands occupy al so one word (16

b‘its) As.the machine is stack or1ented a maximum of one operand per in- o

struction is necessary. The structure of the IP packet is shown 1n Fig 4.

'

Fig. 4.- lnst_ruction Packet -
02z e B
00|  OBJECT NUMBER
| " OBJECT NUMBER_ Header
PACKET ~NUMBER. |
| INSTRUCTION No 1
. * OPERAND
INSTRUCTION NO 2 ,

“THE ‘PACKET GRQUP ST 14
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given to the EMP (execution manager) so that the related IP can start exe-

/"\\

|

3.2 ENVIRONMENT PACKET =~ °

This packet'is identified by the code 01 and contains 'all references asso-

-~

ciated with the respect1ve IP. Fig..5 shows the structure of the EP. Every

IP has a corresponding EP that holds all the variab]es referenced in the '

IP One EP however can be associated with several oP's (Data Packets),’

depending ‘on the data being referenced. The EP pdcket has a packet neader
that contains the type code (01), the object number (own‘egz of the packet),

the packet number and the starting address. The' startin'g’addr'ess is to bé

cuting on the riglit 1ocal address.
» ' \

Following the‘header, all references are inserted in the packet. Each re-

ference 1e defined with two-64 bits words. The first word contains the name
of the 1dent1f1er (in a standard code such as ASCII). This 1nformat10n is
'lmportant to not1fy the user dynamically of any errors during execution
The second word contains the Identifier Control Word. (ICW) The ICW con-
tains all necessary 1nformat,10n to Tacate the value of the identifier being

addressed. Table 1 shows the structure of the ICW.

Fig 5.- Environment Packet

0 2 2 63

0] OBJECT NUMBRR | PKT NUMBER " |START ADDRESS
IDENTIFIER  NAME
IDENTIFIER CONTROL WORD® (ICW)
A IDENTIFIER NAME _
® ' IDENTIFIER CONTROL WORD (ICW) & © . .

THE PACKET GROWP . . . o | 15
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o &

7 32 48 63
O] c| t value
1 X i y z
TABLE 1.- CONTENTS OF ICW
FIELD BITS , VALUE DESCRIPTION
h 0. 0 Value of identifier is contained
(home) im the' ICW (bits 7-63)
1 ICW contains descriptor to
the identifier (bits I-63)
, §
o 1-3 000 Global variable
(class) "po1 - Local variable
: 010 Array. pointer
011 Label
100 Procedure
i 101 , Parameter =~ - S
, 110 ’ Program segment . '
t ‘4-6 .| 000 . Bit ”
(type) , 001 Boolean
010 Character 0
011 Fixed ;
-100 Float
, 101 Subscript
X 1-31 \Ideniﬂfies the obJect number
of the reference.
y. 32-47 Identifies the Packet number
, ' of the.referenced word. 4
z " . 48-63 Identifies the address of the
referenced word inside’ the packet.

THE PACKET GROUP °

If the reference is local (b1£ 0="10) the value is contained in b1§5'7-63.
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3.3 CONTROL PACKET - .

. . ¥

; ‘ ‘ . - ‘ . - S . T4
This type of packet.is identified by. ;he code 10 5nd .co'niainsfi;om!;lands, -

. responses. and not1f1c;tions addressed to other proceséors_. The he‘ader‘ con-
tains the type’ code-(10), the cpntrﬁ command, the object n'umber"of the

“originating “proces's..an'd t'he;”‘?;g:ket number orfiginating the command. The
destination level number, desﬁf{_ﬁ_gtion object number (30 bits) and the dESj

) tination packet numl;ér (16 b1;53,/comp}ete the control -pa'ckét. The origi+ .
nating object nuniber of the control packet‘: may differ f"'rom_t'hg originating _ -

object number of the packet in transit. .

CP "packets ‘are attached to the header of IP, EP, and DP packets, to route
: }}@m properly. Fig 6 shows a.sample Control Packet.

Fig 6.- Control Packet . .“ - . \ oot }\__\‘}g,\ .
o2 .. . s
10 . - COMMAND | ;
d | OBJECT NUMBER (dest)’ , Lo
o | OBJECT NUMBER (dest) . o
o | . PACKET NUMBER (dest) Lo

o | OBJECT NUMBER (ortgin) .
OBJECT NUMBER (origin)
F?ACKET NO. (origin)
PACKET IN TRANSIT

o o e o 0 > e e 8 8 e A i e

Th'é\&estinaﬂon field is déscribed in Tab‘le,,z. N ' . " : c “
~THE PACKET GROUP o ‘ e
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TABLE 2.- Destination Level Number (Origin) 2

' 'FIELD | BITS |  VALUE DESTINATION (ORIGIN)
d (o) 0-1 00 - User Manager
. - ‘ 01 Device Manager
. 10 Memory Manager o
4R Execution Manager ‘ . ’

.
/ ' ' : - '

The differept types'of conimands'ar_e expi ained below:

[

-

;e GET.: Ret‘ri;ave,é a certain packet from the destina%iay/er,'on behalf
of the ariginating object. ¥ -

- . . ) ' ' ' . . , R ' ‘ . -
' | . ¢ UPDATE.-Updates the original EP ‘or DP packet according.to the informa-
- . .+ tionattached to the CP packet. '

e, ’ . . . -

s

«  STORE.-Storés the EP, IP or DP attached to the control packet in any |
, . available MMP or device if the destination 1s a DMP.

©

e L. CREATE.-Creates a ne;l object %n the UM layer. '

. . °
» - D) L]
v

CLEAR.-UeEms the originating packet nqmb\ér from the MMP. holder of the
" packet. ‘ :

\
.

- « SEND.-Transfers one or several packets,to the destination layer. This

packet may contain inbedded control packets.

A
'
?

. . . , "‘ ) - . ‘. &‘:_
- o .ot . - S ;
. . THE PACKET -GROUP. ST S - '8
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3.4 DATA PACKET (DP)

']

[
‘.‘\

i

<

The packet header contains the type code ('911), the‘ob'ject number (bits

2431) and the picket number (bits 32-47). .Data items;(64 bits), follow the.
Y .

header. Each data item is qualified with a 6-bit Tag field as per Table 3.

These tags are’used when the da

ta ite

is indirectly addressed by a de-

et

scr1pt§or in the ICW. The structure of the DataPa}et is shown in Fig 7.

N S
Fig 7.- Data Packet - a \___,__
0 \ 2 32 48 63
11 OBJECT NUMBER PKT NUMBER not used -
c| t DATA ITEM
cl t DATA  'ITEM
c| t DATA ITEM
Table 3.- Data Tags
TAG . - s : '
FIELD BITS VAL‘fE' . . DESCRIPTION
c 0-2 000 ~°|  Global varfable
(class) . 001 Local variable
A 5 010 Array poinpter -
/011 Label ‘
100 Procedure
101 Parameter N
110 Program segment
t - | 35 008 " Bit
(type) | 001 Boolean
) 010 Character
011 Fixed
- 100 Float ,
© 101 Subscript »,

o

THE PACKET GROUP
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4.0 PACOS ARCHITECTURE.

< . a ’ -
SN ' :
o o
i An abstract architecture of fhe PACUS machine that will execute a program
‘submitted in pacRetized form is 111ustrated in Fig. 2.

. .
: . . » -
" -

~ ’ The packet sWﬁtchiug networlz is composed of switching processors connected
| by two ha]f—duplex Pings. Processors at the same level have similar charac-
teristics and form a LOOP. Processors located on the same vertical ring
S form _a SUCE.
’ Slice, although it would be very inefficient).

(In theory, we' can build a PACOS computer with a s%ng]e

o ’ ‘ - . //
Packets originally reside in mass-storage devices (At th&DM/Level) Upon

P
-+ request, packets Sre transferred to the Memory Manager Level where they re-

]

’ mailn until. cleared by CLEAR commands. Execution of a Packet Group is per-

formed asynchronously. The packets of the group are transferred to the
@ 'T‘\ Execution Manager Leve] (EML). The EP packet will actively seek an idle EMP
by checking each EMS (switch) in the EML Loop. Once an EMP s found idle,
- the Packet Groupﬁﬂl grab it and will execute AN e After execution this
If one processor f

« EMP becomes’idle again. 1s, autondtic reconfiguration

occurs and the ma'é‘hine continues processing narmally. /
. K : : NN

L : The overa,u PACOS network resembﬁes a toroi/dfw‘ﬁere information flows always
, in the same direction. The transmiss1on, of packets from node to node is
< . )dﬁ‘ﬁe by 16 and 64-bit parallel buses, that accomodate the w*ldth of the dif-
- ferent packet types. Buffers are used to h d the packets before they are

‘ ~ release after they are received by a switch. An additional signal in
M ’ L]

- , the inter-nédal bus serves as’ control line to 1nd1catey~FREE or FULL BUFFER .

.~ ¢

- . conditions, “.

\ PACOS ARCHITECTURE. B ' T2
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. 4.1 THE USER MANAGER LEVEL. . . o

\
< - > .

T S A HN O RS

T Y Caes TR TSR S 3y

The User Manager Leve],consists‘S% severe1 Usen Managers that ére.peer to . i ' 5
each’ other both physica11§ and 1og}ca11y. Each User Manager Proceesor.(UMP)
interfates with the rest of: the'machine via a Usen Manager Switch (UMS);,
This switch is a routing enit that maintains routfng algorithms for incom-
ing andxgntgoing packets according‘to the status 1nformét10n supplied to or’ -

from the UMP illustrated in Fig 8. The basic interface is defined as fol-

- a

Tows:

C e ' Y

1. OK.- Tnis signal {is supb]ied by;the Uéer.Manager Switch (UMS) after
having rece1vee 'epp}oval- fromgkhe other UMP's regerding scheduling
prioritx_and_eable updates”of the'ebject:just created. If the object
Just created is a progrem,'the'UMP will initiate 1£s execution. |

[
- - .
- -

2. UPDATE.- Th1s signa] has an inftial OFF status and is turned ON as soon _ L
'oas: a request for updating the EP. or tables arrives The s1gnal is )

turned: OFF as soon &s the receving UM has updated the appropiate EP
packet and tables. " . P 4',‘, Lo e

‘3. UPBUS - This- 1nterface transfers packets between the UMP and the\ ———
' switch ‘o o : ; _ SN . I
_ Cm L S S </, - D
. A pictire of the UMP- UMS Anterface is shown in Fig 8.- The dynam1c behavi- AR

»

‘our of the UMP is.described in pseudo code foET in the next. page

N I . ' . R R (] ‘

. The UMS makes decisions based gon the'status of ‘three tables:* e)UMLTABLE‘T ,
maintains a record'for. ajg $hé existing opjetts in PACOS. b) UMPTABLE(n) "

.- \‘,\ ‘ R
- {_pacos ARCHITECTURE : ° e )| ;

T o ‘e
. - > ’
. R [
¥ ey o
- v
: , .




SO A b e
s
..

e L

coming packets

'ject

. . .
LI . . ’
v oe ., -

maintains a record for all the ex.i's‘tivng" objects ‘that have been created by

‘ the UMP number LhL c) UMSTABLE(n) maintains the routing tables for all 1n- )

¢

Uhen an UPDATE command is rueceived both 'UML and UMP tables are updated

.When a packet arrives at the UMS its destfnatidn is checked and 1t is rout-

*

ed accordmg to the UMSTABLE

. , Pt

any ok.]ects for creation and dispatching (if object 1s a program to

execute) As soon as.a CREATE request 1s received the UMS wﬂ] decide

whether the new object can be ‘accepted by this UMP or not If not accepted

the UMS will. simph‘ pass the CREATE, request to the ﬁext UMS. If. accepted
'the UMS will send an UPDATE command to the’ other UMP's in order to update,‘
their UMP- UMLTABLES The UPDATE ‘command is returned to the UMP with the ac- ,I
'ceptance. At that time The UM’ switch_set‘s the DthTag ON and the UMP‘ re-.
) quests execution ‘o;the ‘ffrst Patket Group by sending an 1mbedded' SEND
command to the Memory Manager MMy The UMP a150 requests the next Packet
"Group Set. from the DML with a GET command Th1s req0est is done fn paraT'le'li

. '_"with the execution of the current Packet Group At program creation time
1 the DML will send to the UMP a spectal DP packet containing the Globa] var- '
~1ab1es of the program GLB.DP. The' UMP keeps on receiving EPs as Packet
Groups get EXecuted and updating the: EPs ‘BPs and global variables. When‘
" the last EP is received, the UMP sends an UPDATE command to the other UMs
) 1nd1cat1ng that ‘the just (1nished obaect will - be removed from the
UMP- UMLTABLES 1f-the other UMPs do not need this object.CLEAR commands are

E a]so sent to the MML to c]ear the memory space used by the terminated ob-:‘

t . * Yy ‘

¢ ' '-:,‘

-

PACOS ARCHITECTWRE. -\ .~ ¢ L a2

operation of the UM is:as follows: InitiaHy‘, the UM is fr'ee“.to accept"

.
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Fig 8.— USER MANAGER
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£ de s B i e o o A AN i

' ]
- 4,2 USER MANAGER DYNAMIC FLOW.-
USER MANAGER _ ’ T : o
Begin ‘ to- <
Do forever . C . ’ s
CIf CREATE— True then
“ »1f object is accepted bx.UMS then
‘ Begin .
OK:= False .~ .
SEND (UPDATE UML- UMPTABLES next UMS)
If OK"Btr?e then ' ' ,
’ . egin ° )
' . . GET(PKT.GRP. SET MML% *x Get next pkt grp et from MM **
. SEND(SEND(PKT GRP ML) HML ' L
. . * End -
End. .
If UPDATE“ True then

Begin : - ’ '
Update(tab1e or EP DP) **  Table is updated by the UMP **
If origin of Update js this UMP . .

then OK:= True else . ** Acknowledging returned Update *

SEND (UPDATE, next UMS) ** Update pissed to other UMs*
-UPDATE:= False . :

" 1f End -of PGRM= True then
SEND(CLEAR, object, MML)

o End
End - .
y
Y . , .
I N “ . \
s . ‘,‘ '
) , .
d
F3 é * e
. A
\_‘ , - ?
. N 1 L,_ :
. -[. . >
PACOS ARCHITECTURE. - SR S 1|

. ** ppocess finished ** =
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4.3 THE DEVICE MANAGER LEVEL. ' . e

y—

The DM Level consists of a group of peer Device Managers each consisting of
a processor and a_switch. Each .DMP can handle several devices. The DMP

(DeV'Ice Manager Processor) interfaces with‘the DMS via flags and buses. It

' also 1nterfaces with the devices via a data bus. The basic structure of the

DM is shown in Fig. 9. The basic interface signals are described be]ow

-

1. IO(P) - This flag is set ON by the" switch as 'soon as a request to read

or write a packet 1s recewed -

e

R

/2/. MORE(n) .- This signal is to indicate tﬁat the*Device "n" cannot accept
1/0 requests other than for the fﬂe current]y‘being accessed It puts
" the device into ‘a: WAIT state and the dev1ce will not be FREE until the
-MORE_ f1ag li.s set OFF. ~ ’ '

¥

.

3. DPBUS.- This bus transfers packets between the DMS—and the OMP.

«

. Devices are given a permanent, prote:cted, object number at s&stem gener- -

ation time, Files are assigned an object number at creation time. Therefore
,wr1t1ng~(réad1ng) to (from) devices, such as terminals, lines, printers,

etc, 6r, files is only‘ a matter of mapping object number to physical lo-

"catiq‘n gf thé desired resource. This mapping is done by the DMLTABLE and' w

the OMPTABLE, maintained by the OMS switches. The DMLTABLE maps object num-

*" ber, packet number, to DMP number. The DMPfAB[.E m'aps object number, packet

‘numbe'}, to ‘phys1ca1 device and loca_t1o‘n within the device.

For instance, to print a block of. data to a spécifi‘c‘prmter, the command

¢
o

PACOS ARCHITECTURE. o L s

P
.
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SEND( Dest= Printer object number) is sent with a Conyrol Packet to the
‘DML. The first DMS,Fhat receives the CP packet will s¢an its DMLTABLE and
decide whether the printer device belongs to its DMP.

the DMPTABLE to identify the device; otherwise the DMS wi)l pass along the
CP packet to; he next DMS. .

Three basic states, FREE, WAIT and ‘BUSY are assigned to each device. The

‘ devjcelis considered’ FREE when 1t is ready to accept 10 requests from ANY
_object. While in the BUSY state, the DM is transferring data to (from) the

. -Qevicei If the packet being redd or written is part of a sequential trans-

fer, that cannot be interrupted, (such as a print file), the MORE flag will
be set and the device will switch from BUSY to WAIT state and viceversa un-

til the I0 request has been completed. At that time tﬁe device goes into

- the FREE state. If an IO request is received for a device that 1s in a BUSY

*
or WAIT state, this request will either : a) Wait in the device queue until
the deviceﬁié available or b) Be pas;ed to the next bMS.' The dynamic flow
of the DMP is explained below in pseudocode form.

PACOS ARCHITECTURE. ° . . S T 2

so, it will scan .
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Fig 9.- DEVICE MANAGER

lA To other,
levels

1

DMS . - L——> To other
" DMSs |

10

MORE MORE  |DP-BUS
(D] (2

DMP ’

4

BUFFER - BUFFER -/

DBUS | bBUs - oo

DEVICE 1

. 4.4 DEVICE MANAGER ‘DYNAMIC FLOW.

DEVICE MANAGER -
Begin »
Do forever

BUSY:= False o

‘WAIT:= False
" FREE:= True

Repeat

Begin 4
WAIT:= False
FREE:= False
BUSY:= True
DONE:= False

poIo . ** The 10, is being done **

. DONE:= True
If MORE= true then
’ Begin
BUSY:= False
WAIT:= true
End
End

unt11 MORE= False
End. :'. -

'PACOS ARCHITEETURE.

ﬁ. ‘ - .
If IO(P) = true then

DEVICE 2 |. f \

.

i

Y . ‘
** Sequential transfer ** . "
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' 4.5 THE MEMORY MANAGER LEVEL.

'
)

The Memory Manager Level consists of several peer Memory Managers (MM)

each one having a Memory switch and a processor (MMP). Each MMP has the re-

" sponsibility of storing and retrieving packets of 1nformation'stored in

, main memory. Each packet has self-addressing capabilities. Therefore, a

file can be stored in different memories belonging to different MMs. Each

..MMP keeps status tables of the packets and files kept by all phe MMs. The

basic interface between the MMP and the MMS switch is shown in Fig. 10.
While a common memory with interleaved MMP modules might have some advan-

tages (part1cu1a%1y in the sharing of common data by different programs), a

' fully distributed memory approach was chosen. This was to take advantage of

two important features of the PACOS architecture: easy expéndibi]ity and

minimum level o% 1nter-dependenc1és among processors,

The interface signals and buses are described below:

1. MREQUEST.~ This flag is set ON as soon as-‘a request to the MM arrives to

the switch. When the request has been honored, the flag is set OFF.

+ -

‘2. MFULL.- This flag 1s set ON when the storage capacity of the MMP has
‘ been reached. The flag will be set OFF as soon as a CLEAR(P) control ™’

packet 1s_accepted'by the MMP. The CLEAR packet deletes one packet of

*data from main memory.. |

' ?I “MPBUS.- Bus used to transfer packets between the MMP and the MMS .

Initially, the MM has all mair memory available and is ready to ‘store .

_PACOS ARCHITECTURE. | . . ' o 28
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packets. The initial state is FREE. As soon as.a request arrives to the

.,switch, the MMS will chehk its fab]es.to see i1f the arriving backet should

be honored'by the MMP. If the request is to update tables (from other MMs),
then the MMS will update'ihe appropiate table and will pass the réquest to

" the other MMs. If the request is a GET, the MMP will get the requested pack-

'et.either from main memory or from the Device Manager. If the latter, a CP
packet, requesting the packeé, will be sent to’thg DM. If ;He’request is a
STORE, the MMP wi]} first check if fheré is enéugh stpﬁage available. If
not, the requeét yiT] be passed .on to other MMs. If the reduesi is CLEAR,
the MMS will updatg the MMPTABLE and will notify this to the other NMs. The

cleared packet will no longer exist in this MM. The dyna%1c behaviour of -

. the MM i's described in the‘following page. . o

RN

Fig 10.- MEMORY MANAGER

'A To other
levels
T
—|" MMS > To other
1 - o MMSs
) BUFFERS - .
~ - [mfuld mrequst '|MP-BUS . ~
. ?'.*,'. v _— N i ) e
MMP . E E *\"
MAIN MEMORY. ,
| PACOS ARCHITECTURE. ~ ~ - -~ -1 S g

.
-



'4.6 MEMORY MANAGER DYNAMIC FLOW

FREE = True

- BUSY:= False T
"W MAVAIL:= MSIZE e o ‘ N
MFULL:= false ‘ C .

. Begin
Do forever

If Dest= MML then | » o , T
- Case COMMAND of - ' \ -
UPDATE:

. STORE: *

GET:

CLEAR:

Y

- énd
End

v PACOS ARCHITECTURE.

HEHORY MANAGER | N

Begin :
Edate MMPTABLE ,MMLTABLE .
SEND( UPDATE, next MMS) , .
End
Begin : ,
If BMFULL or MREQUEST) then ' ‘ O
‘SEN (STORE next MMS) etse . '

EQUEST— True :

Load acket ** The packet has been stored

MAVAIL= MAVAIL-1 ’ ©

MREQUEST= False -

SEND(UPDATE ,next MMS)

End S
End ' . B
Begin ' : . o
If PKT not in MMLTABLE then : .
SEND(GET, 'DML) else . ** pass GET to Device Level ** ' -
If PKT in MMPTABLE then . . L .

'Be%
. QUEST- True _ _
. Read packet : , o .
. MREQUEST= False' ‘ S, .
SENDgPKT Origin level) . - :
SEND(UPDATE, next MMS) T
- End -else T e ;
EEﬁD(GET, next MMS)  ** pass G to next MMS ** ' - S
n 3 P
Begin - L Ca i
If PKT not in MMLTABLE then ERROR e]se ' B Lo
If PKT in MMPTABLE then ‘ . - . C .

MREQUEST}'True‘ | o : T
" Clear Packet - -~ L . A SR

MAVAIL= MAVAIL+1 | . o ‘ o T

MREQUEST= False- S ) v o

EEED(UPDATE next MMS) . . T

. PN

‘ E]ée SEND(CLEAR, next MMS)

' 30
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a accept 'the EP b,y thrning EPRQST flag ON. The EMP nﬂl go into a WAIT\ tate - . . ;

.the EMP s busy when a request arrives the EMS wi1l pass the request to. the ‘

4.7. THE EXECUTION MANAGER LEVEL

<

Jhe Execution Manager Level consists of several Execution Managers (EM's)'

. each one canststing of a switch: and a processor.The processor also has a

-~ local memory to. hold the packet group. The function of the EMP is to exe-

'cutekthe IP packet once the corre@nding EP and DPs have been received.
The interface’ between the switch the .EMP 1s.shown 1in F1§. 11 and con;

sists of the following flags andlbuses:
. ) s

1. ~EPRQST.-Th:l s-signal is set ON as soon as an EP, packet arrives at the

EM-switch and encounters’.the EMP free.

-«

2. GFLAG.-This flag fs.set ON as 'soon as all the members of the Packet
N d / . N v “

Group are found 1n the EMP's local memory.

FREE.-This flag 1s set ON as soon as the EMP is ready to accept a new.

Packet Group. ' ) .

2 . :

'4.' EPBUS.-This bus transfers packets between the EMP and the EMS.

Initially,.the EMP is free to receive requests for execution from any User,

Manager. As soon as a request arrives, if the EMP 1s free, the switch will

untﬂ’ the IP dnd DPs form1ng t.he Packet Group of the particular EP are re-
ce1ved by the sw1tch At that time, GFLAG 15 turned ON and the IP can start

executing The EMP goes into-a BUSY state At the end of the execution pro-
cess, the EMP goes intd the FREE state aga1n by turning the FREE" f]ag 0N If

—

]
by
'

[ —~—
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. Tﬁg dynamic‘behav1odr of the EM is described in the following page in pseu-

docode format.‘

Fig 11.- EXECUTION MANAGER

. -
——— >
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. o™ .
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3
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7 . - .
4.8 EXECUTION MANAGER DYNAMIC FLOW

~ Coe )
EXECUTION MANAGER ‘
Begin , ° -
Do forever ' ’
FREE:= True : )
Case PKTTYPE of . . :
EP: Begin , | ‘
If FREE= True then
eqin : )
FREE= False . Reb

EPRQST= True
Ldad EP  *** EP grabs the idle EMP *rx

SEND(PKT, next EMS)
' End
IP,DP:Begin
If FREE= False then
If PgTG?OUP(P)— PKTGROUP(IP OP) then .
egin
Load IP,Dp*** Packet GrouB being collected ** ’
< If GFLSG=*1 then . *** Packet Group ready .***
egin !
Run Packet GrouB .o
SEND(UEdate EP,DP.PKTs, UML)

gAéT alse t , ,
n
E];e SEND(PKT, next EMS) xx PKT.éﬁP(P)k> PKT.GRP(IP,DP)

\nénd °
End

oL . . 1
>

-

' 4.9 HARDWARE CHANGES IN THE PACOS ARCHITECTURE.

¢

Although adding one Slice to PACOS is seen as the simple process of insert-
ing a Slice PC bdard into a c1rcu1or mother board and updating all the:

switching tables, it may happen that the reason for expansion is motivated
by a very high ot1112at1on of only one level in PACOS. (e.g.’%he EML, but

not the other levels). Therefore we should provide for modular units at

:the Switch- Processor scale, rather than at the: Slice scale.

> s
.~
.- —~
-
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5 Fi\g. 12 jf’l]us’trates a ‘sit"uatﬁo‘n where only one EMS~EMP ;nodule has been in-

[ \ 0 S:;;
serted. _(on'ly switches are shown for simplicity). By inhibiting the ,
i r non-used ports of the new ¥witch, correct routing of incoming packets is
’ guaranteed; 1?3. packets are not routed to non-existing MMS2, DMS2 or UMS2.
~ , \ .
/ / ’ - .
Yo ensure uniformity, a zero value for table item “Slice 2" should be en-
~* tered 1n ‘the switch tables of the first three Tevels. By 4ntroducing hard-
ware im this manner, optﬁnﬁm—usage of resources is obtajned. In a similar
manner,’ Device Managers, Memory Managers or User Managers can be added when
g} the need arises. In order to reflect the fact that EMS3 and EMS1 are'inow
» " routing packets to other levels on behalf of EMS2, the routing algorithms ’
- A M ‘. ) ¢
{ = . would have to be changed. / .
] A" 2 '4 \
~ } ' 3 .
¥ - Fig.-12,- ADDING ONE EMS-EMP
7 Nt C . ‘
5 ) . - ¢
A .. .
- M~ )
: { st p—o»r UMS3 |
% /‘" Vo ¢ ¢
, 4 DMS1 o= DMS3 +
’ 1 ms1 - < MMs3 |
1 EMs1 EMS2 |——f—] EMS3 |
. ‘ .
- . v. ‘ ©
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- 5.0 THE PARTITIONING ALGORITHM. ~ = ¢ . " -

4 [ . . .

* ! : [ P . »

' . ' ¢ . . . 3
- ’ . P

To ﬂlustrate the basic concepts of packetizing a standard obJect code pro-’ _‘ :
gram, a basic machine language will be chosen. This is the stack—oriented*‘
language for tHe academic machine Z—7 (Ref HOL—l) The ma i1 reasc;n teo‘
choose this language has been simplicity. Programs written “in Z-7 consist . ’ . P

of a symbo] table and several b]ocks of code' each b10ck starting with a . ;

, , ‘ .1abe1 entry and ending with an EXIT 1nstruction A program written in Z—7
Janguage has to pass through a pre—processor‘ that will: generate the packets ' ‘.
. in a format that is understood by PACOS See Fig 13 o
Fig. 13.— PACOS' PRE-PROCESSOR Sy )
. ' -1 . - | symbol LI ' -
. object . table R o
A‘Ode ) : "'"’ 2 . . f

L vy ' - S \ (
PRE-PROCESSOR RS | / |
. ) *“ » ‘ s . :
. - 1 , 7
P ~ : ’ .

a , IP-1 Ep-1 | | op-1 |- | oDP-11] .| DP-12| -
GLOB. , o L L

. TABLE ~

1= |2 | | Er2 P2 | . .

---------
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o

_ table GLOBTABLE s also up

~

The ' 1nput to the pre processor 1s a list of object cade plus a symbol ‘
table. The output cons1sts of packets and a table GLOBTABLE that refer-

ences all g’?oba] variables. Local variablés are referenced in.the EP pack-

ets.iee‘ﬁg 14. s . L.

Fig.14.- PRE-PROCESSOR INPUT.— GLOBTABLE

, : ~

7-7 OBJECT e ' ,

.~ CoDE  SYMBOL' TABLE GLOBTABLE
"o [ opcope | OPERAND TYPE ADDR OPERAND OBJECT PKT
‘1 | GPERAND . | OPERAND TYPE ADDR OPERAND OBJECT PKT
2 | OPCODE OPERAND TYPE ADDR OPERAND OBJECT PKT
3 | OPERAND OPERAND- TYPE ADDR OPERAND OBJECT PKT
. 4| -OPCODE | . | OPERAND TYPE ADDR OPERAND OBJECT PKT
5 | OPERAND | . | OPERAND TYPE ADDR | - | OPERAND OBJECT PKT
. 6| OPCODE |" ' .| OPERAND. TYPE ADDR OPERAND OBJECT PKT
7 | OPERAND OPERAND TYPE ADDR | - | OPERAND OBJECT PKT
EXIT | T

{, OPCODE DORUORRCT N N

EXITOS, ‘ =

(4

]

The algorithm of the pre-processor, necessary to produce PACOS executable

code, is described below in pseudocode format. ' o -

The mai} ‘progra%ads‘the object\ code and starts generating the IP, FP‘
packets «as well a_s(m1t1a11zing. the GLOBTABLE. If the next.word read is
PUSH or ENTER or AL CATE ,\the progedure CHECK wﬁ] read the following op-
erand, and will wr1te 1t ont EP packet. If‘the varial?le is global, the
¢d. If the variable ;s a sebst'{r'uctu;'e the
procedure ICW will generate a DP packet that wﬂ].contam working space for

the allocation of the substructure. A new packet will be generated as soon

f
LY
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as EXIT or the\maximqm pécket length has been reéchéd; s

-PACKETIZING ALGORITHM. ( Object SAMPLE is being packetized )

éCW; Procedure .
egin . .
If Word =Global then (* Known from the symbol table *)
If Word(I) not in GLOBTABLE then -
Genérate Word(I) entry in GLOBTABLE - ‘ T
If Word(I)= substructure then. .
Begin
Create new DP packet header -
é]éocate locations in DP (* Space is allocated for WOrd(I) *)
n
End

CHECK: Procedure i o .
Begin . .o -
I:=I+1 : ‘ - ‘
Read WOrd(I% ~ \_- (X Read operand *)
Write Word(I) onto IP . :

If Word(I) not in EP then " ™ .

Begin ' « “aeog
WE&te WOrd(I) onto EP : . -

End , C - o ‘
- End _ . o

Begin E* Main bro§ram x) - "
OBJECTNAME:= SAMPL ) 4
MAX:=Maximum Packet Length
Create GLOBTABLE Packet Header
While,not EOF(SAMPLE) do

Begin

Create.new IP Packet Header

%regte new EP Packet Header - .

Read Word(1I)

Whilg (§< MAX) or (Word(I)ﬂ—EXIT) do

n

' Wr1te Wordgl) onto IP
E;EEWOrd(I PUSH) or ENTER) or ALLDCATE) then A -
I:=I+1 .
Eegd Word(1I) (* Read opcode *) N Co /
n - ‘ ‘
End

End , ’ : ' . ' vt

A major research effort should be placed in identifying optimum algorithms ‘ ) é

THE PARTITIONING 'ALGORITHM. L ' Y




important role in this opiimization:lBecause
of this complexity, we are-attempting to ipitially woyk'W1th sihp]e tools
and algorithms, and further develop more accurate solutions, while pro-

gressing in our observations.

- . L]
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'va]ues in Ce]sius degrees.

6.0 AN APPLICATION EXAMPLE.

The fol]owing program converts Fahrenheit degrees to Celsfus. It ts shown

’here in Pasca] 1ike format for easy comprehension, a]though it runs 1n PA-

COS in “the stack-oriented Z 7 language (see Ref. HOL-1), as indicated in -

Appendfx A. The}1ﬁbut Ti]e INFILE contains the number of data items plus

the data values in Fahrenhe1t degrees. The output file OUTFILE contains the

3

' Program CELSIUS (I INFILE O‘OUTFILE)
Var M: 1nteg \
TEMPF TEMPC: Array(0..20) of integer

. Procedure INPUT  (* IP-1 Packet *)
' Begin o
{or I1:=0 to M do
Eegd]n(INFILE TEMPF(I))
n I3

_ Proceddre CONVERT (* 1IP-2 Packet *)
- . var I: integer
. Begin '
“for I:fO toMdo .

ﬁPC(I) TEMPFéIg-BZ *5/9
Writeln(OUT ILE,TEMPC(I))

. End

End

Beg (* Main program, IP-3 *)
. ?ead]n(INFILE M) ’

r INPUT: ,
I:=0 o L ) ‘
~ CONVERT . , S e
. End - . o

The PACOS pre-processor will partition the program CELSIUS into 3 IPs, 3

‘EPs and one GLOBTABLE (DP-0). The files INFILE and OUTFILE w¥l1 be parti-

tioned into one DP packet each.

, . ) f
. ‘
ﬁ‘ ' . . . y e \ 1
- . ‘ * ' . s N
it . o
0 ‘ T
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Initialﬁy, a user requésts to run CELSIUS. The starting address of
CELSIﬁS,(IP3,19), 1s assumed to be known. The steps outlined {n Section 2
of gpis report will be used to explain the flow of packets in PACOS.

1.-A CREATE(CELSIUS) control packet is sent to the UM Level.

\

2.-A UMP accepis the job and sends GET(EP3(CELSIUS), to MM).

3.-AS EP3 does not exist in memory, the HMP'w1j1 attempt to retrieve from
disk not only EP3, but rather the complete Packet Group Set of EP3. The
szKT.GRP.SET of EP3, consists of .IP3,EP3,IP2,EP2,IP1,EP1,DP1(INFILE),
DPI(OUTFILE) and QLOBTABLE. (In this case all the pacKets are 1thhe;same

.

. Packet Group Set.) ' : S 7

°

4.-PKT.GRP.SET 1s sent to MM.

5.-PKT.GRP.SET is stored -in memory.

\

_7.-MMP sends PKT.GRP.3 to EM.

\..

SZ-EMP‘executes the Packet Group siart1ng at locayion 19. At location 20 it
Jumps to MAIN (IP3, location 0). At lTocation 10 it jumps to INPUT (IP1,:To- .
cation 0). At this time execution stops s1nce.IP1 is not locally. available.

" The exbcution address at the start of a process or at the return from a sub-

C roqune{ is<stored.1n the START ADDRESS field of the EP headér. In our
" -case, the return address (11) is stored in the header of ‘EP3. EMP sends UP*

DATE(EP3) to UM.

.

AN APPLICATION EXAMPLE. - | Y '

I
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6.-UMP receives EP3 plus GLOBTABLE. - . o 4
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9.-UMP updates the EP packet as wel] as the GLOBTABLE values affected (In

this case, I=0, M=7) A request is sent to update EP3 in memory. A request .

is also sent to execute PKT.GRP.I.

10.-MMP updates the EP3 packet and sends PKT.GRP.1 to EM Level.
11.-PKT.GRP.1 executes in one EMP until'the EXIT instruction is reached.

12.-Not applicable in this example (Next PKT.GRP.SET does not exist)

13.-After execution, the EMP sends the EP1 packet to the UM for*gpdating.

1 «
4

“9.-UMP “updates the ’éP packet as well as the GLOBTABLE va1nes affected

(TEMPF(I),I). It sends the EP packet to ‘be updafed‘at the MM. It also

sends a request to execute PKT.GRP.3 (starting address 11).’
° . ) » \'_\, '

The same process continues until STOP is encountered., At that time the UMP

will be notified that the' program CELSIUS has finisheéd execution and it
will be destroyed from the system.

While the process of packet1zing a program is one more step in the develop-
ment process/ this should not be seen as an impediment for programmers. The

obJective is to ensure that. production program¢that are already in packe-

tized format, sucn as compilers, utilities, applications, etc, run effi-"

ciently and at minimum cost. Automatic utilities that can compile and

packetize a high level Ianguage such as Pasca] are feasible and should be

- transparent to- programmers

AN APPLICATION EXAMPLE. , L VL -

L LU

"',; P
R T
0



L

PKT.GRP.1 (Celsius) *+ GLOBTABLE

IP-1 (Celsiusg EP-1 (Celsius)
- 1 32

0 48 63
00 Celsius (1) ' . |01 Celsius Pkt. No.1 .0
Celsius (1) -0 TEMPF .
Pkt.No. (1) . 1y INFILE ppP-1 1 ’ -
0 PUSH 5 1 o - I
1 TEMPF 0 ¢
§ . PlIJSH i: " QGOOI_OI ‘ (value) 0
4l  FETCH (6 2| M
5 ADD 8
. 6 GET 13) 11 INFILE DP-1 0.
7| STORE (7 ~ i
8 PUSH 5) 3 1 _
g I 1 . - - :
10| PUsK &13 ‘ 00100111 (value) 1 .
12| FETCH  (6) | . ~ '
13 PUSH 5 ) . . 4
14 1 3 : ’ ,
15 ADD 8) | ) DP-1-INFILE 63 s
16 STORE 7 ) ' -
17 PUSH 5 11 INFILE ' 1 0 ’
18 M 2 ' '
19 FETCH 6 0 M i
20 PUSH 5 1 TEMPF © 23
21 I 1 2 ’ . 45
22| ° FETCH 6 3 ' B2
23 SUBTRACT (9 4 3
24 (' REPEAT 5 5 75
25 EXIT 4 6 100
7 1 I
! i
GLOBTABLE (Celsius) '
0 | | 63
11| ~ celétus | DPG=0 0
. M INFILE DP-1 T
M CELSIUS EP-1 .
M CELSIUS EP-2 '
I . CELSIUS EP-1
TEMPF" INFILE DP-1 \ '
TEMPF CELSIUS EP-1 .
TEMPC _OUTFILE DP-1
TEMPC - ".CELSIUS Ep-2
- '— o ) . , . ' :
AN APPLICATION EXAMPLE. - . : . ; 42
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AN APPLICATION EXAMPLE.

?KT.GRP.Z (Celsius)

C1p-2 (Ceﬁs1usg
0 15 .

00

Celsius (1)

“Celsius (1)

Pkt.No. (2)

. PUSH

K
PUSH
TEMPF
PUSH

...........
----------
..........
...........

..........

OO TG

>
(o]
o
LI WO U TN U1 00 W T O 1= U = (N = OY OO

>

NONMBWNHO

% .
- w0

/]

~

* EP-2 (Celsius)
2

63

0
o1 Celsius Pkt. ‘No.2 0 t
3 ~ TEMPF
1. INFILE DP—1 1
I .
0010101 (value) 0 .
M
1| - INFILE DP-1 0 |
1
0010011 (value) 1
~ TEMPC
1 OUTFILE DP-1 0
0 DP-1~INFILE " 63
11 INFILE 1 0-
M. 7
_ TEMPF 23 \
. 45
52
3
75
100 :
65
0 DP-1-OUTFILE 63
11|  OUTFILE 1 0
“TEMPC
%

v,
Y

e 'rv’ e .
CEgspEARer
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AN APPLICATION EXAMPLE.

R e “TT TR MMMt daws e

WON ONPWNRHO

PKT.GRP.3 (Celsius)

IP—3,(Ce1siusg
1

'y L

00| Celsius (1)
Celsius (1)
Pkt.No. (3)
PUSH 5

M 0
GET (13
STORE 7
PUSH . 5

I 1
PUSH (5

0 5

" STORE ?
ENTER (1
INPUT | (2
PUSH 5

1 1
PUSH 5

0 5
STORE (7).
"ENTER 1
CONVERT (3
EXIT 4
ENTER 1
MAIN g

STOP

NP WM —O

EP-3 (Celsius)
32

-

0 a8 63
01|  Celsius Pkt. No.3 19
' M
1 INFILE OP-1 0
| I
0000101 (value): 0
INPUT ‘
1 CELSIUS IP-1 0
CONVERT
1 CELSIUS "IP-2 0
MAIN '
1|~ CELSIUS IP-3 .- 0
0
0010011 (value) 0.
0 DP-1-INFILE 63
11|  INFILE 1 0
M 7
TEMPF 23
. 45
52
3
75/
100
65

. 44
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7.0 stcnacﬁA‘TION CONSIDERATIONS.

" Synchronization in'PACbS is obtainéd by a-semaphore-1ike mechanism. To il1--
'.105tfate how a shared resource is accessed by several processes yithout
danger of deadiock, we will use a shared DP packet as an example. The

" shared packet,DP-lS,;Fesides in one MMP. (Refer-to Fig. 15). The MMPTABLE,

focated in the MM switch, al]ocate; one entry for this éhared packet, that
contains a "Busy bit". Th1shbit will be sét to 1 as soon as a request to upl
date the shared backet arrives. If, while the bit is set td 1, another up-
date'reduest for the same packet arrives from a different program, this
request will be'qyeued in.a FIFO queue. The arriving UPDATE packet will bé
temporarily allocated in a buffer until the "Busy bit" returns to 0. At
that time, the waiting request will be honored by the MMP.

Fig 15.- SHARED PACKET

o . .A To other
. lavels
: MMPTABLE , .
> MMS > To other
' . DP-1S{ 1 MMSs
R : mfull  |mrqust |MP-BUS
 MMP
“waits | UPDATE MAIN i T
until —>| DP-1$ MEMORY | DP-1S
- busy=0 ‘
o "’ 4
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. Fig. 17.- PACOS multi-server quéueing model..

. . ) >{ EMP L——| ‘. >‘ | 10
| >m} [> EMP > 10

o

8.0 PERFORMANCE CONSIDERATIONS.

’ —

) . s

A singﬁe—CPU mﬁthprogramming system can be simulated by a set of queues

. and servers as represented in Fig 16.,

&

Fig. 16.— Single CPU system.

’ =

o ][
S
o (e} —

oA
: A :

.

The multi-CPU mu]tiprograr'nming,sjstem PACOS can be re'presented‘ by a set of -

queués and servers as per Fig.- 17’

.
2

L« EMP -—' > |1 10

A
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PERFORMANCE CONSIDERATIONS. - o , ' , 47

" To calculate the number of EMP processors necessary to replace a single ¢

large processor CPU, the total throughput suﬁpHed by both machines will be

. R4
equated, The same mixtulre of programs will be used..

v a
'

°

. i
4

A = Throughput of a single CPU. (instr/sec)

¥

B = Throughput of a sing1€ EMP. (instr/sec) ~ - ' ‘

C Jo, : - ’
TTIME =.Average turnaround, time per job (secs). It is equal to the average
execution time plus the waiting time per job. ,

: <
, . . — .
ETIME = Average execution time per job. (secs)

4

E(t,) = Executij?h_ time of one page in d single-CPU g);stem. E(tg) = Exe-

~

‘cution time of one packet group in the EMP,

1 0

L = Number-of instructions executed per packet group O(or pagé).

n = Number of Slices in PACDS. ‘ N

- a

G:= Delay caused By memory fetch and data transfer of one page in the sin-

» i

gle~CPU system. G; = Delay of one packet group in PACOS.’
- . . 4

v
3

"ﬁ= Delay caused by waiting' time spent in. the ‘dispatch queue for a

single-CPU system. [ﬁ = Waiting time spent until a free EMP is grabbed by a
\ .
packet group. ’

s °©

()‘ = Utilization of the((}Pug ()b= Util1zation of ane EMP 1n PACOS. i
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" In "a'multiprogramming en-va'-onmentuy thé average turnaround time of J jobs
running ‘concurrently on a sin;Ie-CPU system will be compared to the average
turnarounq timk of the same ﬁmfg\e\r: of jobs running on PACOS. We will con-
sider that packets and pages are of the same length.

o . , . 2
Each job consists,‘on the average, of M executable pages or packet groups.

i

# Q ‘ 5

| L oL .
J*TTIME = J‘M*(TR- + % + G‘ ) = J*M,*(-é- + (FB" GB‘) or:

o

-

| '“*(ﬁ\ Az 'I'.'*‘I“O,i,*(n ' _('1).- P
. > ] Iy /

~ -’ i,

Using standard queuefng theory, (IBM-1, MAR-1), and assuming that.the Ser-

vice time of execution processors follows the exponentia] distribution‘, we

derive the average waitiqg times (ﬁ and ‘FB . ) T
‘ " E(tg) ST |
~ * t tg) = -
\‘(A = e‘---‘---ﬁ-- ©(2) where:'[ A A 2
1 -r(h o ,6‘ = CPU utilization
- ‘ \ . ]
- .ﬂ = n* B
3 ‘( " é(t ) A 65 = EMP"ut‘IHzati'on
-‘(5 = ﬁ-’-‘--/-u-------e-- (3) where: 1- r 9&
) PR -\,\_p*(l -Cb) . : ﬁ Pn(/‘) i Sttt

. ¢ - v [Y

T N R R e

E(t 5)= ==

a

Equation 2 ‘ indicates that when the utilization of ihel,singfe-CPU becomes, -

\
N
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‘close to 1, the degradation of waiting t1me can only be reduced by increas-

ing the CPU process1ng speed, 1 e reducing the execut1on time‘F(tA) How-

ever, when the ut111zat1on of each EMP in PACOS becomes close to 1, we can

reduce the ﬁyaiting.time by s!mp]y adding more slices (increasing f n"),
which in most cases® is ,simp1ér and Tless c35t1y than updrading the
single-CPU processor. - .

r

Equation 1 becomes:

-i-(l ; -féi--) + G, = e (] 4 -Jﬁaéfz--

l_ro .A a fﬁ) 6‘6-,"‘5 /

i
!

where K is the specific tycle time (pirt:of’the turnaround time) per page
or packet group to be used as a<parameter reference. Substituting L as a

function of K in the previous equat{on: we obtain:

~

B (-], (KG; (n;(l-ﬁ)w“()\%

'
A}
L}

Equation'4 establishes the perfo?mance function of a single-CPU system (in

multiples of the basic EMP speed) in relationship to the perfoernce ob-

tained by a PACOS machine of "n" 's1ices while loading both systems with the
- —T N .

same multiprogramming level. '

i

Fo110w1mg A.V. Pohm (POH-T), the optimum.]eve]lof service 1§ obtained when

the average execution time per job is equal to the average wait time per ﬂ

iob. ( memory ‘access + rod;fng delays + page fault timing). In other wdrds,

the optimum balance is obtained whers neither resource; EMP-oé rest of the
. - : vL‘ /! \\”

’
3
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)\l

average number of packet groups executed per job. ' -

T e
mach"'lne, has to wait for the other to finish.
1 . - " M) \

We define the Balance Ratio ‘as :

N ETIME S
BR= =rro-o---- (5)

The optimum BR is 0.5. When“BR > 0.5 then the EMP is the bottleneck.. When
BR < 0.5 -then the wait-for-EMP, routing and memory fetch‘in_‘g delays are the

bottleneck. | }

¥
L L
N .

From equations 4 and 5 we can derive the ratio of processing speéds of sin-
gle-CPU versus s%ng]e EMP as a function of the numt?/r of slices in PACOS,
"n", in relationship to the optimum Balance Ratio of' PACOS.

A

Although Py, 'is a function of "', its absolute value oscillates between
0.5 and 1. Typical 'value is 0. 6 (see IBM- f pp. 34-40). Since the rduting
de]ays of a single-CPU system are 1n the order of microseconds while 1n PA-

COS are in the order of miliseconds, we c,an estimate that G >> G‘ Oth~

L
er typical va]ues, used in the simulation of PACOS in Section 11 are: L=

4,000 1nstructions executed per packet group; B= 100,000 instr/sec. ,65

2 msecs. This delay is estimated based on the fact that a 4 Kbytes packet

takes on average,,four inter-nodal delays of 0.4 msecs to reach ti)e EM Jev-

el, plus 0.2 msecs to be fété«hed from memory, plus 0.2 msecs to.ucdaﬁ\‘ta-
: +

bles in the UM and MM Ieve}s. w *

' With BR= 0.5, we have: K = 'l:TIME/M =2 * ETIME/M = 2*-L/B~. where M is the

A

Using K as a parameceﬁ, we can plo;t equatio’c 4, i1lustrated in Fig. IB.P_The

-
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maximum value of A/B is obtained when n --->0@ K& resuit is (A/é)méx =

1/(1=(Is), as long as K >> G,,, G"é The maximum effective value of n" is

_obté'lne”d when A/B = n since, beyond this.point, the relative performance of

PACOS does not improve with the addition of more slices.

_Let us consider an example with the fo'l'lo‘wing typical va'lues:‘

4= ‘0299; ()6': 0.9; K= 0.08 secs/packet group; P,, =0.6. ‘Subst'lt'ut1n'g

"“these values, we obtain:

A. ' ‘ '
“(===)77 =100 ; n =94 slices ;
. max , '

B max
» r

X Substituti ng the, same values in.equation 4 we obtain the CPU speed fequ“ire;i

_to match the perforrﬁance of a PACOS machine with "n" slices. For example: ’

N\
’ ‘Forn = 6 slices, A/B = 50.

£

These. results 1indicate that a PACOS ‘machine used at the indicated EMP

utilization level, will consistently outperfor:m a single-CPU system having

a speed ratio equal to the number of slices of PACOS. For 94 or more slices, ~

PACOS' comba’rative performance will start degrading. The Hngai mErgin
where PACOS outperforms the slingge'-CPU‘ system 1s, however, significg\nj. .

.

#

M
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Fig. 18.— Processing ratio (CPU) vs. No. of Slices (PACOS)
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Several conclusions can be obtained from thesé curves:

.«

1. The performance curves flatten towards the asymptote 'A/B 1/(1 - )
when K >>G' @,(usuaﬂy this 1s the case). The higher the throughput
(or CPU- utilization), the higher is the range of operation of PACOS.

2. Since we are interested in achieving a peyrformance which is equal or

superior to the one provided by a ‘singie-CPU system, the-effectiye area

of operation of PACOS is the zone where A/B > n. Within this area,’ the 3

PACOS machine outperforms a single-CPU system. For example, with K=2*

‘L/B (optimum Balance Ratio) and h= 0.99,(/g= 0.9, only 6 slices are

’ requ1red to rep1ace a CPy having an A/B va'lue \of 50

3. The optimum curve is obtained for K = 2* ETIME/M = 2* L/B, as expected:
. - )\

For higher of Tower values of K, the performance of PACOS degrades.

Equation 4 and the correspondinyg curves indicate that the performance of a

‘PACOS machine, ‘intended to replace a large single-CPU system, is almost li-

nearly proportional to the number of slices, and outperforms the latter',
within a large rangg of proceséor utilizatiqn. Thé;e theoretical results

are very encouraging and will "be- compared with_ the simuia\’don‘ results in

Section 11. ' s . ‘
i w0
©
. P
. {
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,- 9.0 PACOS SIMULATOR

The ab;tract machine ﬁﬂtOS has been simulated in GPSS, according’to the
original specifications and the performance assumpt1ons 1ndtpated in Sec-

tion 8. The GPSS program is attached tn Appendix C.

-

The first GENERATE block generates programs, one per GPSSltransaction. This

'ﬁrogram transaction is later split into hu1t1p]e transactions that, in re-

ality, are’packets. These backets'move back and forth between PACOS levels

. until the end of the program execution is reachéd At that time, turnaround

time, execution time and other statistics of the program are saved for
print1ng and further ana]ysis Packet transactions have been assigned the

‘foliow{ng fullword parameters:

¢

PARM. NO: : - DESCRIPTION
1.- Processor (or node) number where the packet resides
Y- at a specific t1me
2,; ‘Program No. -
3.~ Packet No. ' '

4.- Packet jenéth (in Byte;)
- 5.-  Destination level. Levels of PACOS are:
0: User Manager
1: Device Manager »

! . 2: Memory Manager _ ;
\“"f”\\\ . o 3: Executfon Manager . ’
6. Type -of Control Command, Commands in PACOS are:

+
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10.

L

11.

12.
13.-
14.-
15.-

L 16.-
17.-

\
e T S N R R

1

Y

{ GET

: UPDATE
: STORE
: CLEAR
CREATE
‘ : SEND :
,Packet Type: 1(EP), Z(IP), 3(DP), 4(CP) .
Originating level (see Parm. 5)

-

Horizontal (Loop) cbmmunicat1ons 1ink no. It is assigned

the number of the processor (PFl)'minus’IOOO by variable
LINK1.
Vertical (Slice) communications 1ink no. It is assigned

the value of variable LINKI plus 400 by variable ‘

"LINK2., ' )

Holds the -number of packets that belong to the same
packet group. ‘ ( |
Program length. (Initially in number of-packet groups '
executed) '

Holds the turnaround time of the ‘job. Used for
tabulation purposes.

Hoids the clock fime of every backet‘Group entering

a free EMP. ' m

Accumulated number of Packet Groups called for

execution.

Holds the UMP number creator of the object.
Holds the actual time that the job spent while

executing in the Execution Manager Level.
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9.1 SIMULATION OF THE SWITCHING NETWORK

Processors and links are GPSS facilities numb

*

Fig. 19.— MEANING OF FACILITIES
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The fo]lewing lTimitations are appiicab]e to this structure: -

a)The network is half-duplex, ring topology. Packets are trqnsmi%ted in one .

direction only. Therefore Slice link no. 801 becomes automatica]]& no.,§01
anq the last Loop.link on level O becomes-1ink no. 1.

. ' 4 ®
* A . , .

b) For simulation purposes, a maximum number of 100 slices is eva%]able._~
. . Al T, ' . W

c) Packets are transmitted to the next “switching processor as soon as the

Vink (facility) is available. A transmission de1ay (V$DEL) is assigned be-

fore reaching the next switching processor. The value of this delay is 100

m1£roseconds for a packet sjie of 1 Kp&tes: The speed of the links is 80
Mbps or 10:000 Kbyies/s. The transmission delay istproportiona] to the
length of the packet. )

a-ﬁ _ T ‘ <:::;///
9.2 SIMULATION OF PROGRAM BEHAVIOUR DURING EXECUTION

[8

&

The concept of Packet Execution is based on the khown "10ca]1ty of access"

characteristic of program behaviour. (MAD 1), (CAR-1). In simp1e words, it

states that the probabi]ity of the CPU address?ng the instruction previous\
or next to the current one is very high. Therefore it is advantageous to _

execute code while keeping 1n local memory a certain number of previous and

subsequent 1nstructions

It 1s also known that an adequate design of the memory hierarchy, (cache,

main uemory,‘secondary memory ) 1s‘v1£a1-to.eoh1eve'an adequate ‘optimization
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. PACOS SIMULATOR,

-

of resources. If the memory hierarchy is properly designed, the timing in-

- volved 1n‘access1‘ng packets from secondary storage (Device Manager),

should not degrade' the perfor‘maﬁce of -the system since these accesses can
be done in parallel with execution of packet groups (The Packet Group Set
s fetched in advance)..(see POH- 1, pp. 92-116, for a discussion on opti-

mizat1on of different memory hierarchtes) Therefore, 1n simulating‘

PACOS, we will assume that access to secondary storage is comp]ete]y trans-

\-

Since our ma'in 1nterest is to compare the performance of a single=CPU, vir-

parent to the system.

“tual memory system with the one provided by PACOS, we will define "a

priori" a packet Tength of{ 4,000 -bytes, which is a standard page size in

existing systems. The sample programs'

- groups per- program) to avoid 1engthy GPSS simulation time. Since the same

type of programs are run on.both si-ngle CPU and PACOS systems, we expect
the resu]ts to be consisten® regardless of program length.

} e
In order to reflect the mu]tiple characteristics of programs during exe=
cution, different functions have been defined. The following situations.

that usual‘]y occur during program execution, w111 be considered.

2

_ . - \ .
A Jump to a loop or subroutine (N cycles). If the loop is outside the
“current packet, the calling IP will be brought in to execute N times.

o« A Jump to an 1nstruct10n located in a different packet or I/O (Exe-

cution of the current packet Wou'ld stop) |

* A jump to a subroutine Tocated in adi fferen't packet. In this case exe-

‘cution stops, but the current IP will be called again to execyte after.

A

<

are short (average of 17 packet
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the subroutine has finished processing.

r

. Caiis to subroutines or loops, (both inside or outside the current. ,
,‘\.4
packet), may occur severa] times within one packet. .

To simulate this behaviour we define the following GPSS functions:
}' . »

-

* GEN.- Gives the number of packets that will compose a new packet group .
minhus one. (EP is not counted). Usually, a Packet Group will consist of

one IP one EP and one or more DPs.

e PTIME.- Gives the basic executioh "time of an instruction packet of 1.
&
Kbytes in size. (62 instructions). At a rate of 0.1 MIPS, the ‘execution
time wili be 1.5 msecs.
* PLEN.- Program length in number of Packet Groups.executed. Basic pack-
et size is 4 Kbytes. '

e CBND.- Gives the expectee number of {terations encountered in a ieop

This figure 1s, of course, very much program dependent We will use an
. - average of 6 (six) iterations per ioop ‘
e LPPR.- Gives the probability of encountering a jump to an I/0, loop or
_subroutine 1ocated in a different packet : .

* LPNO.- Gives the number of jumps to a different packet that the current

Al
L3

packet will experience during execution.

PACOS SIMULATOR | R
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This variable reflects the fact’ that the number of packets'executed per

" load of the system ' The GPSS clock runs in microseconds. Each program, at

.the form of the first Packet Group. It splﬁts in several packgts accorejng

L

We also define several variables. Two of them relate to'progrem behaviour:
SPAWN and CPUTM. © . ‘ S . .

. o i
SPAWN 'is defined.as the variance of the number of times, over a normalized

packet size of 4,000 bytes that a given Ib will be dispatched for exe-

(TR
J

cution.

SPAWN = LPPR * CByB * LPNO * (4 f%NORM) Y.

program'decreases when the packet length increases.

.

We also define the variable CPUTM as the execution time used by one packet
group. . ’
' CPUTM = PTIME * CBND * NORM / CPTM

»

%

where NORM is the normalized packet size in thousands and CPTM is the nor-
malized EMP processing speed in multiples of the basic 0.1 MIPS.(va]ue of B
in Section 10) ° .
' : . ~d

-~

The simulation program operates in the following way: A number of programs
are generated, one every seven msecs. _Sinte all these programs run concur-
rently in the machine, they represent the Multiprogramm1ng Level, MPL, or C
™
creation time, is assigned 'a User Manager Processor that will Qe responsi-
ble for monitoring the process. This allocation is done in a round-rob1o

manner. . : - . -

Each program, (a GPSS transaction), is sent to the Memory Manager Level in

¢

»
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© to the value of the function GEN. Each packet of the Packet Group is sent

to the Execution Manager Level (Param. No.5= 3). The EP packet of the group
searches %Br the first free EMP available (GATE NU PF1,0SW).- This check is.
.provided by the EMS, and 1fqunsucces§fu1, the-EP packét will get routed to
the next EMS.'After‘grabbiﬁg one EMP,IFhe EP will wait for the rest of the’

Packet Group to arrive (ASSEMBLE block). Once the Gr&up\jé complete, exe-

cution starts (ADVANCE CPUTM) .

© ’ LY

5

When- execution of the packet group stops, due to one of the hgnditions pre-

* viously mentioned, the original EP packet {s routed to the UM level (Parm

5= 0), where the cycle is repgated. The end of the program wiﬁj occur when
the number of packet~group3‘executeé'1s equal to the initially as;}gnéd
_projram ]enéth plus the accumu\a{éﬂ value of yhe‘variable SPAWN (PF 15)1’
Table TTIME stores all the values of the turnaround time for each program.
Table ETIM% stores all the values of -the accumulated time that all the
:Packet Groups of each pt?gram spend executing in SHC‘EQE: Table NPAC stores

- all the values of the number of Packet Groups executed'per program.

e e i Q '
- ) ,t‘ ‘ \
9.3 SIMULATION RESULTS : .
» = Q .
.The first-simulation run gives an indication of the variation of average

. ‘ 7 12
turnaround time as a function of the number of*Slices in PACOS. (see Fig.

" 20). Packet size-is fixed at 4-Kbytes. CPTM (EMP processing speed) is fixed

at 1 (0.1 MIPS). As indicated in Section 10, Performance Considerations,

PN ‘e 5 ’u‘ ‘
C. N »
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the optimum Balance Ratfo is obtained when the execution time, ETIME, is
50% of the turnaround time. For an MPL (multiprogramming level) of 10 pro-
grams, we notice that this situation occurs when the number of slices is

<

four. ' e

. 1 T
With onL Slice, the EMP is constantly busy and packets spend most of the

" time waiting for the EMP to become free. , /‘ i
. ) L Y

wnﬁ eight and more Slices, most of the time is spent in exeocution'of pacl‘

ets in the EMP. (ETIME = 0.8 * TTIME ).
\

/ [y
The second simulation -run (results in Fig 21) gives an indication of the
performance that a single-CPU sys}em would provide, using the same load of
programs.as on the previous run. We simulate this situatfon by changing the

?oﬂowi ng parameters:

*

. The inter-nodal delays are reduced _ioiZO microseconds/packet. (fro

400 microseconds on the PACOS machine). This time roughly approximates
the r‘egjster—transfer delays involved in a. sing'le-EPU system.

. The memory access time per )packet is reduced to 20 microseconds per
packet {from 200 miagosecdnds in PACOS).Th‘Is is based on a memory cycle
#ime' of 0.1.microseconds per fnst%uction, which \’15 a typical value for"

~a medium size mainframe. (POH-I, pp. 77-80)

-

e The speed of thg sing1e-sT1ce CPU 1s‘1ncreased by factors of 4, 8, 12,

16, 20, 24 and 32. - .

[N . -

Y

.

" For CPTM = 4, the turnaround time s worse than having a PACOS machine with

v . ' N @’ ' : .
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four ‘slices. Thié siiua?fon'is caused_byopackets spending tao much’t{ﬁe‘ "
wa1t1ng for the CPU to_be,frée. The botleneck clears ﬁp whenICPTM 1§\3n- ‘ -
creased to 8. The Balance Ratj@, however, still rémains too low. (ETIME = - :
0.2 *&IIMED . . 5gii B : '\ e o - p

Finally, Fig. 22 1nd1£ates the variation of pe;ﬁormance of a single-CPY f-

system versus a PACOS machine with "n" numhg: of S]ices The turnaround- ' ;
time has been kept constant at. the opt1mum 1evel of the simu]ated PACOS b

. system. (BR 0.5 or TTIME'= 2.5 secs. ), as wel1 as at Iower and higher 1ev- ' -
els of TTIME. This chart is a combination of the results obtained on Figs. .
20 and 21. fﬁe close~to~linear relationship ¢emonstrates that the concept

of Packet Execution can effectively provide a solution to the problem of

£

upgrading-large, genera1 purpose, single CPU systems
The.resulting values are consistent (allowing for simulation'variances), - i

with thé‘theofet1ca1 resu1ts‘ob€afned {ﬁaSectién 10 (equation 4, Fig. 18)." o i

<
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Figfsgzo.- Turnafohnd time vs. No.” of Slici;;'
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Fig. 21.- Turnaround time vs. EMP processing speed.(One Slice)
secs.
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Fig. 22.- SINGLE CPU vs. PACOS.
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10.0° CONCLUSION

) ! !

~

The concept of Packet-Execution attempts to replace a large, sing]e-ﬁPU.

multiprogramming system with a fully distr1buted architecture of smaller
processors While mu1t1 processing is today a. conmon approach used in dis-
tribut1ng specjlic tasks,(a fully. distributed al]ocation of all tasks to
Call processors requires partitioning of programs in very speciif'lc ways. The

?
‘genera]i&ing the distribution of tasks among processors.

N S
R

Sigulation results indicate that the performance of PACOS does not deﬁ’ade ‘

with the addition of subsequent slices. This is due to the multi- path

structure of the packet architecture that-avoids transmission bott]enecks,-

by routjng packets to the next free processor. As a result, the PACOS ar-
chitecture can offer a very cost-effective solution to the expensive}up-

grading of heavily-loaded, single-CPU computer system.

.The construction of a prototype of PACOS would be a most challenging pro-
» : ' ;

Ject, that might open the doors to the replacement of massive and expensive

single~CPU computer- systems with modular,. Jow-cost microprocessors.

CONCLUSION S L T e

- . 3 . .~

Packet Group concept can be a cost-effective solution to the problem of

.
b
’
1
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1
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~ 11.0 - APPENDICES

b2 _, ) ' _’r,

11.1 APPENDIX A.- Z-7 INSTRUCTION SET. CELSIUS PROGRAM .

[

-~

v ]

‘The Z7 user languagé is stack-oriented. There are siwteen different Z? in~

'§truct10ns, varying 1n,1ength from one to three words. Thé\1nstruct1ons ' ' ;
_are: A o

OP CODE MNEMONIC AND FORMAT

. 0 BRANCH <addrl> <addr2>
e 1. ENTER <addr>
2 RETURN = . :
3 REPEAT ‘ : ‘ S
4 EXIT . L L
5 PUSH <value> B y
6 FETCH ' : ) . e
7 STORE " ~ SO k\\\
8 ADD ‘ ‘ ) . .
.9 - SUBSTRACT . g ;
10 CMULTIPLY . Co , ‘
11 DIVIDE ' \
12, STOP : . <o _ ”t}
13 GET : : o o A
. 14 PUT : L *
15

ALLOCATE <value>

In the paragra hs that follow, the semantics of the various instructions

’ arg.speéified Instructions with similar functions are grouped together o ' 'j %«
‘fWe use a s1mp1e notation to describe the instructions. The variables I and !

J are registeres lTocal to the cPU. A left arrow (<-) denotes a stack opera-

‘tion. IP is the fnstruction pointer. STACK_PTR always addresses the word

et

beyond the top of the stack it is 1mp11c1tl9 manipulhted'by most of the

1nstructions.

. . .
4 i
> : Lo .
. ) . , . « 4 >
i ) k3
v ‘
. [ “
.

LR g E K o i #9734

v
E bt

]
s
o ki
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ADD: J <~ stack; I <=/stack; stack <= I+J;

F-d

SUBSTRACT: J <= stack; I <- stadk; stack <~ [-J; ,
MULTIPLY=J <- stack; I <- stack; stack <- I*J;  , - .

DIVIDE: J <~ stack; IF J=0 THEN trap 12; . .

", ELSE DO: I <- stack; stack <~ I/J; END; n
\ N
. - . “
. STOP, .GET, apd PUT each produce traps. In the case of a GET instruction, Y

the CPU places the contents of the I0 address on top of the stack. In the

.case of a PUT instruction, the éntry on the top of the stack is pfaced~at

‘ on.ihe top of the stack. FETCH removes the top entry from the stack, treats
- {t as an address, and places the contents of that address on the top of the -

\‘,\\,_‘\_;Topz trap 3; L . ;
: Qtack <- memory(data segment, IO_ADDR); ! L

the spéctf1c address.

1

T:
PE?&»méhory(data segment, IO_ADDR) <-'§tack;|

ALLOCATE increases the stack pointer by the amount specified, in order to
reserve space for var1§b1es: The instruction pointer must.be 1ncremeﬁted to

the word following <value>.

" ALLOCATE <value>:
STACK_PTR = STACK_PTR + <value>
IP = IP +.1; /* Bypass <value> */

.
o i L b Yt s s -

2o o

PUSH, FETCH, and STORE each involve data transfers. PUSH places 1ts operand

stack. STORE removes the entry on the the top'o?zﬁhe stack and ﬁiacésrit at

L}
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AP BIY 1 ety v mn Yy to— s o

' AN
- ., the address specified by the gi;and entry on the stack.

" PUSH <value>: . . —
‘ stack <= <value>; ’

; ‘ ' n IP=1IP +1; /* Bypass value */ )
‘ FETCH: I <- stack; stack <~ memory(déta segﬁent, I);

STORE: J <- stack; ‘I <= stack; memory(data segMent,I) = J;

ENTER BRANCH EXIT RETURN, and REPEAT affect the f1ow of control of Z7

programs and are se]f—exp]anatory

+  11.1.1 JOB CELSIUS

4

M EQU 0 VARIABLE M
K v EQU "1 VARIABLE K *
I EQU 2 . VARIABLE I :
TEMPF  EQU 3 ARRAY TEMPF 20
TEMPC EQU 23 - ARRAY TEMPC 20 .
INPUT ) BLOCK INPUT
n PUSH TEMPF GET TEMPF(I)
" PUSH - I
FETCH
ADD
GET o
: STORE . . L
PUSH I. I=1+1
Perew > L ' )
PUSH R o ¢ : !
J ADD . , . :
STORE ST, 2
PUSH M REPEAT M-1 |
FETCH S .
PUSH 1 '
FETCH ) .
, SUBTRACT v oo o - :
. _— g - REPEAT . . R :
\ v o EXIT |~ ‘ = END ' ’ ’ 3
<o b e 0 U CONVERT . o . e BLOCK CONVERT :
' . PUSH . K 7. KSTEMPR(I)T . - ;
/ - ' PUSH }EMPF ' AP f
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Toe

FETCH
ADD
FETCH
STORE.
PUSH -

+ PUSH

FETCH
ADD .
PUSH
FETCH
PUSH .

SUBTRACT -

STORE
PUSH
PUSH -
FETCH
ADD
PUSH
PUSH
FETCH
ADD
FETCH
PUSH:
MULTIPLY
STORE -
PUSH
PUSH
FETCH
ADD
PUSH -
PUSH
FETCH
ADD .
FETCH
PUSH
DIVIDE
STORE
PUSH
PUSH
FETCH

.

. TEMPC
I

K

32 &

TEMPC
I

TEMPC,
I

(2

TEMPC

TEMPC

[fe]

TEMPC
I

s

=t =g

TEMPC( I-)=K~32

L GETM

Y
<. L e e
So IR AN e Tl

- :;;.éi 5

TEMPC( 1)=TEMPC(L)*5

TEMPC(1)=TEMPC(1)/9

PUT TEMPC(I)

| ~
=141
" REPEAT M-1 . 3

. . 4
/ z
L 3
© END - i

- BLOCK MAIN .
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iy OPSPANRYLTETES S T

[ S —
' .

e, = L ST TN

-

[V

23

. STORE

PUSH
PUSH
STORE, .
ENTER
PUSH -
PUSH
STORE
ENTER
EXIT
ALLOCATE
ENTER

STOP

45 52

&
t‘-
-
°
!
.
/
i
3

I
0

INPUT
I

0.

CONVERT

43
MAIN

1=0

ENTER INPUT
-8

ENTER- CONVERT
END
BEGIN MAIN
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11.2 APPENDIX B.- GPSS SIMULATOR FUNCTIONS.’

FUNCTION DESCRIPTION STRUCTURE
e GEN Gives the number of packets '
packets that will
compose a new packet 3
groﬁB‘fEP is no
counted) - ' 2
1
N 7 .91
' . msecs
PTIME - Execution time of
.one packet group 5 -
(1 Kbytes)
2.5
= 1 i ,
. . | !
25 .5 75 1
. ' Pkt. Grps.
- PLEN Program length in '
number of packet .
groups executed, 1
, 30 .1
25 4
20 -
15 -
10 -
. 5 B
| 1 |
25 .5 75 1
. , ) . {terations
CBND Number of iterations : J
in a local Toop. 12
(Loop contained in
. the same packet) 10 4
| - .
«I/T(/ 1 L 1
' 25 .5 75 1
' APPENDICES -
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Number of jumps to
subroutines or loops
located in a different
packet.

LPNO

. i

LPPR
tering a jump to sub—

routine or loop located

in a different packet.

Probability of encoun~

z , o : ‘-g
: :
. g
, ~ 5
Jumps -
. K
3 B h [ 3
2 -
1
14
{ 1 | >
25 .5 75 1 ¢
. 3
p
1

4
! | 1 >
25 .5 .75 1 ‘ .
- 0 - . .
. 6
)
‘ “ ')
- . . .l
- L3
> - W N
- 2 - }
’ H
n }3\ 1‘
® . . : ‘
o ® . 4
M -
0 » ' - el
a :
g -
4 .
1 : . 4
. . . ‘
; . \ \ "z.z 3
o . .
2 ) ®
. . .
L) > .
<A
H
Wk .\ -
= y
1
. , ‘:
' « _)
’
L4 » ’ N e
' ¢ - ) -
| . .
.
.
. . Sy ! ‘ . -
y - B . .
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B 11.3 APPENDIX C.- GPSS PACOS SIMULATOR PROGRAM. - SAMPLE IN-
PUT/OUTPUT. . . .
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