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CHAPTER 1 Sy
INTRODUCTION
2
~3
:k
~ The availability of a variety of commercial multiprocessor computers today makes ::
)
it difficult to decide on the optimal machine for any specific parallel application area. "
§
In addition to the strengths and weaknesses of each candidate machine, the charac- f'h
o
teristics of programs in the target application domain must be taken into account in bt
making this selection. Unfortunately. neither formal techniques nor software tools are :
currently available to assist in this decision process. The development effort described -"
in this report addresses the problem of deciding which class of parallel computer sys- '
)
. . . . . . {
tems is best suited to the BM/C3 problem domain. In particular, this report describes }‘,:'
the development of software tools for application dependent performance and depend- 's
ability estimation of available parallel computers. "
e s —— s
Most commercially avallable parallel computer systems can be classified as bus o

based systems, multi-stage interconnection network (MIN) based systems, or

hypercube systems. Bus based multiprocessors consist of processors, memory mod-

AL,

ules and other devices, connected to each other through a simple computer bus. Ex-

5

amples of this class of system include the Encore Multimax, the Sequent Balance and

Symmetry series, and the Synapse N+1 system, with new products announced reg-

ularly. These systems are typically restricted in size to a maximum of a few tens of

VIZELSL,

processors due to the performance limitations of current computer buses. In MIN

based multiprocessors, the processors, memory modules and other devices are con- 'g
nected through a network of stages of switching elements. The BBN ACI Butterfly .
system is one commercially available example of a MIN based multiprocessor. The ‘
power of the Butterfly MIN makes multiprocessor systems with hundreds of processors N
cost effective. Hypercube multiprocessors are a relatively new entrant in the parallel Ih'
processor arena. A hypercube system consists of 2**n processor-memory modules, ..!;

with each module directly connected to n-1 neighbors, forming an n-dimensional cube.

: o ..l.g;. ".::‘. .. 3 5 } Q. 4'. “2, ﬂl.l“‘.. f‘:.. ‘.0‘!‘ ‘.' .I. |l.:¢l' "|'l U '.J“ l'l t”’.. &l -
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Hypercube systems with up to 1024 processor modules are commercially available from
Intel Corp. NCUBE Corp. and Ametek. In this report the Butterfly. Hypercube, and

Multimax machines are considerd as candidate architectures for BM 'C3 applications.

A major goal in the design of parallel architectures is to provide high comput-
ing power with assured dependability. High computing power can be provided by
exploiting the parallelisin in the application algorithins and by mapping these parallel
algorithis onto the candidate architectures. Performance evaluation of multiproces-
sors using the above three types of interconnection topologies have been addressed by
various rescarchers using analytic and simulation models ;Bhuyan 84, Das 85, Dias
81. Kruskal 83. Lang 82. Lin 88, Marsan 82. Mudge 84, Read 87, Wittie 81, Wu 84 .
However. most of these studies are restricted to evaluation of the architecture. Con-
sideration of both architecture and algorithms in performance evaluation has received
little attention to date. We discuss this aspect of performance evaluation in Section 2

of this report.

The second requirement, "assured dependability” of parallel architectures, stems
from the critical applications in which these machines are used. The performance anal-
ysis of the parallel systems outlined above implicitly assumes that the components of a
system are fault free. These results give the so called “ideal” performance of a system.
However, in a real situation the components of a system fail at random depending on
the failure rates of the components. At the system level, a multiprocessor consists of
two subsystems. One subsystem is the computation facility which is provided by pro-
cessors (nodes) and memories. The second subsystem is the communication network,
used to support interprocessor communication. The failure of a processor (node) or
a memory unit reduces the hardware resources available on the system. The failure
of the interconnection switches or links degrades the communication capability of the
network. All these faults affect the dependability and performance of the system to
varying degrees. A common approach to improve the fault-tolerance of these parallel

systems is to provide graceful degradation as an inherent attribute of a system.

Foliowing Laprie {Laprie 82, dependability is defined as “the quality of service

2
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delivered by the system such that reliance can be justifiably placed on the service.”

Dependability is a generic concept that encompasses reliability, availability, maintain-

(2,2,

ability, and safety as distinct facets of system specification. It has been reported
"Avizienis 78, that there is a clear need for quantitative measurement of dependability

parameters.

P LA AL,

At the system level specification, fault-tolerant systems are categorized as either

highly reliable or highly available {Siewiorek 82]. Most of the work in fault-tolerant

TES -

evaluation of parallel computers is confined to reliability modeling. This is mainly

because availability evaluation is more complex than reliability evaluation.

.
,':‘ ?ﬂiﬁ

Reliability evaluation of parallel systems has been studied under two different ap-
proaches, namely: terminal reliability and task based reliability [Ingle 77, Raghavendra

84). Terminal reliability is defined as the probability that at least one communication

WA >

2!. -

path exists between a pair of nodes. "Lhis may be an oversimplified estimate for par-

-5

allel systems where a job (task) is executed concurrently over several nodes. The task

PFESA

based reliability, on the other hand, assumes that a system remains operational as long

- o

as a task can be executed with the available resources on the system. This is a more

)
r
x

appropriate measure of reliability in a parallel processing domain.

Task based dependability evaluation of some parallel computers have been ad-
dressed by diferent researchers [Arlat 83, Das 85, Das 87, Hwang 82, Ingle 77]. These
studies are not complete from different perspectives. For example, none of the mod-
« .. combine architecture, algorithm requirements, and software issues, to model the
system behavior completely. This has been handicapped mostly due to the complex-
ity of the parallel machine architecture. In particular, the exact reliability modeling
of the communication networks, such as the MIN, is quite complex and can lead to
NP-hard problems [Provan 86]. Hence, very little research effort has been directed to
model the dependability of parallel computers combining both the computation and

communication degradation.

While classical dependability measures such as reliability and availability are suit-

able to evaluate uniprocessor systems, these measures may not be good indicators of
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Dependability measures specify only the operationa; sta-

parallel system behavior.

L tus of a system at any time t. No performance statistics can be gathered from the

7 reliability or availability study. High performance being the main objective of paral-

lel architectures. performance-related-dependability evaluation is essential to evaluate

these architectures. This evaluation will specify, for example, the execution time of a

b Job in a real environment when all kinds of component failure and repairs are possible.

Performance related dependability measures are relatively new compared to clas-

sical dependability theory. A number of performance-related dependability measures

i such as computation reliability, computation availability Beaudry 78 . performability

‘Meyer 801, capacity and workload characterization :Gay 79, have been proposed for

BN degradable multiprocessors. However, none of these models have been applied in a

real sense to the candidate architectures in consideration.

There are several automatic program packages such a ARIES [Makam 82|, CARE

)‘- III Stiffler 82.. HARP |Geist 83", SAVE Goyal 87], and SHARPE [Sahner 87] available 0=
\ for computing the dependability of complex systems. Markov models of a system are -E"
>

used to compute the reliability /availability of the system using numerical techniques.

"P However, these packages are not general enough to handle the parallel architectures e
Y

! under investigation. The difficulty lies in generating the Markov states of a system such -

t'. {
G

L as the Butterfly or Hypercube. To our knowledeg there is no tool available today that

Ua”
<

‘Q‘%
T,

’ can generate the Markov chain of the above systems automatically. The capabilities

-
4

d
)
nS and weaknesses of some of the packages are reported in Section 4.
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CHAPTER 2
PERFORMANCE EVALUATION OF PARALLEL ARCHITECTURES

It was decided to commence this study by ccncentrating on the MIN based But-
terfly parallel processor. This section describes the development of tools to assist in
the evaluation of the performance of such a MIN based computer system; these tools

are referred to as the Butterfly Performance Predictor.

2.1. Butterfly Performance Predictor Overview

.‘ t,

The general operation of the Performance Predictor is illustrated in Figure 2.1. It esti-

-
AR
gl « 'l -

mates performance metrics based on two kinds of data: architectural parameters (de-

'.- 'S

P

tailed information about the parallel machine architecture), and algorithm parameters

vg'

Y

(information about algorithms from the application domain under study). Theoreti-

-
A

o
- h 5

cally, such a performance predictor could be used to study different parallel processor

R v v

architectures by merely varying the architectural parameters. In practice, it is difficult
to conceive of a set of parameters powerful enough to categorize bus-based systems,
MIN based systems, and hypercube systems in sufficient detail to allow reasonable
accuracy of performance prediction. A more conservative design goal was employed
in this effort: the architectural parameters were chosen to enable the user to study
parallel machines “similar” to the Butterfly.

Figure 2.2 shows the Performance Predictor in more detail; its main component is
a Butterfly Simulator - a program that simulates program execution on a Butterfly

while accumulating performance measures. To drive the simulator under conditions

%

representative of the target application domain, two strategies are considered. In the
first strategy, real Butterfly programs are used. This scheme has obvious drawbacks: it

requires the simulator to be sophisticated enough to process actual Butterfly machine

A AAA L o

v_w
o

4
»

A Ny
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code and also requires access to BM/C3 programs coded specifically for the Butterfly.

LY

e

A more flexible and user-friendly strategy is to drive the simulator with synthetically
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generated instruction streams that are representative of the target application domain., '::
The second key component of the Performance Predictor, therefore. is a program ::
(called the Code Simulator) that generates these instruction streans. X
&
2.2. Butterfly Parallel Processor °;'
'.j
The Burterfly multiprocessor system is made up of processor nodes and a Butterfly N
imterconnection network as shown in Figure 2.3. The network is depicted as a cylinder ::
sunce both it~ input~ and outputs are processor nodes. unlike a conventional “dance- EE:'
hall™ multiprocessor architecture. which would have processors at one end and memory ;::
modules at the other. All of the distributed memory is globally accessible. Remote
memory accesses are conducted through the network. Each processor node contains :
a processor (currently a Motorola 68020), an arithmetic co-processor (MC68881), 1-4 lz
)
Megabytes of memory, memory management hardware, and an interface to the net- .
work. a~ illustrated in Figure 2.4 E
2.3. Butterfly Simulator
Y
The Butterfly Simulator is to contain two components: a network simulator and a 5:
node simulator. The network simulator maintains the status of the Butetrfly network i:{
H
while producing timing estimates of how long it takes to traverse the network. The -
node simulator accepts Buterfly programs as input and estimates their execution time. .E‘:'
It uses the network simulator for timing information related to the Butterfly MIN, and 52:
uses a set of files of architectural information to do its own timing estimation. These :'t
files contain the “architectural parameters” mentioned earlier in this report, and are :‘:
referred to as the processor files. :EE
The program execution timing estimates are made at the instruction level. The EE:
execution of the program is traces instruction by instruction, and the time taken for 5,
each instruction is computed based on timing information obtained from Motorola ::‘
data books for the MC68020 and the MC68881 and accumulated in the Performance é
Predictor’s processor files: these files contain, for each instruction-addressing mode _J
]
8 &
D
, ( 3
‘u'n ‘|" 't.u" :,l.'l‘ a ‘:\,‘ ’“:‘E :'.‘; o “\ g o,lp, .',.',“ l.'}. ;::,;t. ‘:, .:.'.‘u‘*.
R ." R f.,.e::':"‘ R b



T i . N AP

B

SR o AR B R

-

R et ittt e

Processor 1

Request

Memory

Processor 2

Memory

Processor 3

_ X

Memory

Processor n

—

Butterfly

Memory

N v
s*__’-—'_ _‘/

Switch

Figure 2.3 The Butterfly Parallel Processor.

0 0‘. .‘ '.n

‘l

O
0.,&.\..0:

‘-

4, 9
N O ‘. Aty e‘. t',‘a‘ ‘ ¢ , N 4 0'.';’.'.',' : ’c‘.:t‘ ‘l:..n‘ g ‘” Yot 't‘ ! ‘
‘. \ ..*‘a ARSI i‘a."a i, RN -. KX c.' AN o.' o W o.‘ GO e B *'c.‘ ‘. ' 4, o,’ X
‘ ", " -+ t"\' \ 00 s NG it "c.“e,"p‘ Saatoat ittty oy ORI

L L] . RN \ [
."f’ ‘.' . BN ’.‘.:‘ LU ’-ﬁ‘e‘q\al'ha:ll;: ‘r“‘g.'a‘?; ‘tg‘,‘tgil":::‘f),"“ LRI T v

() ' " .
(L 1000 10
LY
_’!“,IA‘:\




"i"e..'
RARA ry
;‘:':' :6
@
30 N
W .
wh
o:"o: :g
! §
o::' \ U
Wiy \
R 68020/68881 b
"li "i Q:
I
R o )
P '.»
’n'a K
e Processor Node ‘
) Controller
.' » \
) i 3
::.'. " Memory Management \
M L
::"" |‘.
L s
14
A
o, . %
e EPROM Switch 7 ]
0
:',':i'. Interface N 4
s'::o‘: ,:‘
i:'.':' ‘
.l’l' )
®
i Memor
e emory N )
v 1 Mbyte ” f
e N
LAY &
’9. 1A e
j:;:t:. Optional B
e Memory Daughter Board v
B .Z
T (3 Mbyte) h
" '
il )
LK .
W) b
’:';':' v,
.I.':I' A
! o
B L) 'v
rll..'l Y,
ned t
. )
gl"" ‘_
é'\': i
gy ¢
e ¢
::c: Figure 2.4 A Butterfly Processor-Memory Node. *
Yy 5
® ;
R D
z 8
Ly I:
w7, q
5L "
e !
v \:
o
\‘\'. C ;e
1,1%%
AR ) (]
3 "
’..::" ].0 :
’::‘:!. K
A f
L
f“" OG0 OO0 D) 0 l !anlcb;lpt
4 l‘t qi‘ .'l l ( G l .l‘go‘ l‘ l‘ ‘o',!'.&' R t e . . l'.tu.t G l." ey .6
" . o, ’:: " ', R .:‘ i .'t' ,' a'l o." ," 4 !:"e:"ci"m‘o,"h‘ " '..0 e -,i'o,-‘v.»,i ::l \ c’u" :la T , "o:‘ R ’s: ':: ’:: a, " ¢ ' """ £Xy
' |’ o e l‘, Wy A' n’ il 4‘ A‘ .:,‘u', DARSOMY N iy Yt ‘ 1'. v" 4‘ '\0 ‘. ; X |’ q‘ G u’ e‘ , '5‘0 n
N f i ot ,

Al N .
2 e a’;.. ,a’,, At e s ‘;.4 c,i,,

.»(

‘a’inr‘iu’ p*»'-.!'i



NG

v pair, the time that it takes to execute the instruction on the processor. Figure 2.5 ‘
,,:Ej shows sample processor files. .::
' :: This approach has one serious drawback - it can not take data-dependent (con- j:
' ditional) branches into account in producing its timing estimates. This would have a‘
:ﬁ been possible if the Butterfly simulator simulated the actual execution of the input E-«,
\3' Butterfly programs. which would be slow. costly, and difficult to implement. As an {.
‘l‘ alternative. statistics from the literature on research into branch prediction DeRosa 0
%:'g: 87. Lec 84. McFariing 86. Sinith 81 were utilized to take conditional branches into "A
EE.?: account. The approach used in the first version of the Butterfly simulator was as fol- ..:
;"“"'- lows: on encountering a given conditional branch for the first time. it would be taken .
ﬂil with a probability of 0.5. When the same conditional branch is encountered again in ‘:‘
e )
“f- the processing of the programn, the simulator assumes that the branch goes the same :,E
,“ way as it did the previous time with a probability of 0.9: it goes the opposite way with :'::
1.5; a probability of 0.1. “:‘
\':: The first version of the Butterfly simulator is under development in the program- :.'.
§ ming language C on a SUN 3,50 workstation running 4.2BSD UNIX. The development E:E
"‘r' has proceeded as follows: a timing simulator for a single MC68020 was first developed, TS
i%:':: and extended into a simulator for multiple 68020s with one task running on each, by "(:c
g;i: early September 1987. This simulator is now being extended to time multiple tasks EE\:E
»':.3' running on multiple NIC68020s - closer to the actual Butterfly environment. At the _.J
,Q same time. efforts to refine the timing estimation procedure are underway, as are efforts :,‘

',:S to condense the processor information files, which currently occupy several Megabytes e

:E:- of disk file space. 4

";: The only perforimance metric that the Butterfly simulator currently measures is ";
\‘3 total execution time. Accumulation of other metrics. such as MIPS (millions of of :
iﬂ* instructions executed per second), MFLOPS (millions of floating point instructions '&:
‘ executed per second), processor idle time, and network related metrics are also being ]
i"' incorporated.
:' 2.4. Butterfly Network Simulator X
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Processor File Example: :‘"s
0.'.:
)
. l:‘:!
' 16% clock rate in nanoseconds 2%,
. ** 9, section delimiter -
. . . . QN
2 ari% section with mnemonics for operand modes :.::;
) (N
T ard .;.:::
y . e
::‘ arid !:1:‘
!
4 ok ot
o o . . o
.:: move % section with two operand instructions :,:.:,
OO
Y add :':::
i sub e
'l
{ - o
- ‘l'
¥
:-: *k E‘k
: neg % section with one operand instructions )
)
‘k load 0:0:
h ¢ W
[ ]
- i
. . . . . 0
o nop 4 % section with no operand instruction and times N
.. i,
iy e .“I
> O
W) Uy
:!0_ ok WS
" bee 10 15 % section with conditional branch instructions and times i
,::: . s e ):.::
L0
:::: ok ;:.::
3, &
e bra 10 % section with unconditional branch instructions and times X
N
- \ - s =
~ vy
) ]
R - 2y
RO jsr 10 % section with subroutine call instructions and times X
B :ﬁg‘
o e ,"i*‘
.::t ok e
o rtr 5 % section with subroutine return instructions and times R
A o
:.0 e ':::
: ok 'r:::i
’ frk 20 % section with fork instruction(s) and time(s) XX
Y seske 5
i . . . . . Ay
" snd 8 % section with send instruction(s) and time(s) ::::1
::: ok ‘t"j:
. . . . . . At
b rcv 3 % section with receive instruction(s) and times oi;.
»“l |'; i
® e
ys] ....
:'.: . . :"l:
"y Figure 2.5 Sample Processor File o
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! \3 o
3...& move % insruction mnemonic f
a 3,4,5:6,7.8;...:78,9;
e i:
3,4,56,7.8;...;789; 3
t
add :
34,5.248;...,78,9; A
e .
23,24,25;36,37,38; . . .; 57,58,59; d
e I
** 9 section for one operand instructions f:._
_ neg
; " 3’4,5; ':,
"'_), s os,
( . : )
,‘(‘5’: 5,6,8, !::
%0’
o EOF 5.
t:": o
R : Input Program File Example: N
e 5
W ,
- loop: move ari, ard ,
g 3
G add arid, ari ]
1% 3
:':: 1 bee loop %
-'\;-C bsr inc ¥
"R, . 4
W jmp end l
J inc: add ard, arid o
b rtr "
Lo )
o end: nop i
o EOP !
oo
o e,
el :;‘.
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o
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0 Figure 2.5 (Cont'd) Sample Data Files :::
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b The objective of this part of the simulator project is to implement a software module '
N
x in C to simulate the dynamics of the Butterfly network. The module is intended to .‘:::
§ )
. . : . . . ¢
' interface with the node simulator. The two modules interact in a function call manner. nl
o At simulation time, the node simulator keeps issuing requests for network services
)
Y] . .
.- by calling the network simulator. These requests correspond to non-local memory
-
I references generated in chronological order by processor nodes of the Butterfly parallel
|
" processor. For each request, the network simnlator will figure out the response time L
B required by the request through the network by considering latency due to propagation -
4 . 2
o delay and network contention. 0]
¢ =
> The network simulator comprises two major components: a network switching
Y . . . . : )
o mechanism and a conflict resolution mechanism. The former is used for directing _a:::f
3 O
. . . . . . \J
) a request for accessing a specific memory through the switches and communication :E'.:«
Vi LN
. . . . . W
°® links according to the routing rules of the Butterfly network. The latter is responsible M
“ for detecting network contentions where many requests compete for the same switch "::'
(%, iy
(W
) j outputs or communication links, and for arranging them in order through the outputs :'.:
~ .D(
- . . . . . . . . . !
o or communication links in contention. Besides, it will add time penalty to the response e
:f:: time of a deferred request. The two mechanisms are associated with two essential data o
0!
& : . . : : W
:,'o: structures — a switch matrix and a collision matrix -~ for keeping track of network "::t:
Y
o . . . O
'!:f status and for recording network contentions, respectively. Both are of the form of a :::;:
: [N
*' 3-dimensional array, reflecting the topology of the Butterfly network. .
3
] -
o The implementation of the network simulator is expected to complete by the end | ::-
" A X
- of December 1987. .;;
N 2
@
: \J
) . v
,.. 2.5. Code Simulator %«
: A
. . . . . . . W)
N The Performance Predictor, as shown in Figure 2.2, is being designed to accept two ::
. X . . LU,
7 “>rms of input: actual Butterfly program fles, and synthetically generated program ;:'
o files representative of algorithms in the application domain of interest. The generation t:a:
[}
3 . : . ot
;:E: of these synthetic traces is the duty of the Code Simulator. ]
ol
) ‘I‘Q
. The Code Sin “tor is still under development. Its operation is based on a set
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W of input parameters that characterizes the algorithms of interest. Examples of such '.l.::'
N " *
! . . . . . . OO
" parameters are granularity, parallelism. and communication/computation ratio. Gran- ‘::::Ei
« ey
1,
X ularity describes the size of the individual parallel tasks comprising the input program; ":‘0:'
“ it will be used by the Code Simulator to determine how large the synthetic tarce files ;\‘,"‘\‘;
[
v . WA
:: are to be. Degree of parallelism describes the number of parallel tasks; the Code : "".:::
'l‘ O X
I Simulator will use this parameter to determine how many synthetic program files to .':é:"
. generate. as well as in task activation. The computation/communication ratio would ;
X \ |"‘
A be used to determine how many computation instructions should be incorporated per .':::‘
by "."
:: communication instruction in the synthectic program files. Other parameters will ‘o,::o
'y iz
i’ clearly b eneeded to adequately characterize parallel algorithms; these three examples
.
\ KN
h represent a starting point. .
! WL
- . . . . . Wt
A The generation of synthetic program files is to be driven by tables of static and .‘::::\
" ""‘
, dynamic statistics of typical high level language program contents. These tables il
¢ g
" have been compiled based on the vast literature on instruction execution frequencies, r';f'-"
) )
\ operand addressing mode frequencies, instruction transition frequencies, etc. [Alexan- 4-'_\:'7-
:' : P.‘»
;" der 75. Brookes 82, DePrycker 82, Ditzel 80, Elshoff 76a, Elshoff 76b, Foster 71, Knuth o
‘ , 71. Tanenbaum 78, Wiecek 82 . Since no statistics are available relating directly to the sl
\ 2]
Y i . . 0
:: MC68020 instruction set, these tables were derived based on equivalent features re- ‘}E:::
[ Wy,
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' CHAPTER 3

: MAPPING THE BATTLE MANAGEMENT ALGORITHM :3

o,

A TO THE BUTTERFLY PARALLEL PROCESSOR )

:'i:'.: This chapter is concerned with mapping the Battle Management Algorithm onto :,t
‘:'::.':'3' a BBN Butter fly’™ shared-memory multiprocessor. An efficient mapping method E
"k': for the algorithm is presented. The proposed method in fact is a general approach to s:
‘s‘ ) tailoring and fitting a class of numerical and non-numerical algorithms heavily in need :
ti of global search and broadcast, into the Butter flyT™ Parallel Processor. »
A"u. It is known that the overall performance of a parallel algorithm on a multipro- .
.w"" cessor system depends largely on how well the communication structure of a parallel -
“‘*:":'; algorithm is matched with the system interconnection structure. In a shared-memory :
;;' environment, there are two major factors that have adverse effects on achieving the :’
,.,_ match of the two structures. These two factors are: (1) contentions in shared memo- '
) f. ries, and (2) conflicts in communication links. Performance analysis on a Butter flyT™ v
HE multiprocessor has been presented in ;Crowther 85}, |Tomas 86. They point out if con- :j
s- tention problems in shared memories and communication links become dominant, the

i speedup curve goes to saturation as more processors are added. LcBlanc also exam- :
__{:‘E ines the effect of memory and switch contention by adding extra memories and extra :;
.::: switches in the system network Lcblanc 86]. He concludes that an implementation :E
: o based on very efficient communication (e.g., shared memory) may perform worse than !
i.’ that based on a less efficient mechanism if such efficiency causes too much communica- :‘
:: y tion overhead due to memory and switch contention. Several previous works have been -
‘:? done in reducing the memory contention problems. Worthy of notice are the works -y
.: : done in IBM RP3 and NYU Ultracomputer [Pfister 85], {Lee 86|, in which hardware i
:55:':.:: message-combining techniques are used. Since the hardware combining networks are \
: ) ]

. expensive, Yew proposes an effective software combining tree for decreasing memory .
s 3
£ y Iz
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@
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". contention and preventing tree saturation in the interconnection network Yew 87 . :
o . . . ,

._. We propose an algorithm-based method for reducing the above contention prob-
(F >, v
oW - : . .
l:: lems to the minimum. Unlike previous works, the proposed method does not require x
-y hardware augmentation or mediation in communication networks. Contention costs t
3y
Wi\ . L C . . "
' :::\ both in shared memories and in communicatica links are minimized by an efficient !
A (
. . '
*E mapping method with two different phases of tree-shape communication structures, )
B L)
) one for searching and the other for broadcasting. The tree structures allow us to .
R
~ A
i: rapidly determine and broadcast a critical data without concern for memory and link ]
- :
‘ L)
AT contentions. Y,
'\ ]
(-‘ 3
L 3.1. Characteristics of The Butterfly Network ¢
b ‘; 2
A:’a‘: ) The core of the Butter flyTM Parallel Processor is a multistage switching network, )
) \ .l.
' " called the Butterfly Network, through which processor nodes access remote memories
R . . . L . . \
:.\'. in a packet switching manner. Major characteristics of a Butterfly Network with 2™ 'y
¢
:’. \ inputs and 2™ outputs, where m is a positive even number, are enumerated below: ;
4 ]
e (1) the number of stages == log42™ = 77, “
m U
; (2) the number of SEs in one stage = 27, and i
N w
YN m \
::: (3) the total number of SEs = 7 « 24-—~ =mx*2m-3, :::
) -
ot
AN If we let N =2™ represent the number of processors, the switch has the advantages x
;)‘ that the total number of SEs needed is O(Nlog4N) and the bandwidth of the network
A s
B Y . . . . . !
4 £ is O(N). Figure 3.1 shows a spacial case of the BBN Butter flyT™ parallel processor 0%
) y I‘
L}
S’ with m - 4. .:
, L]
® An m-bit binary representation of the source nodes (processors) and destination ’
3%
‘ - nodes (memories) of the Butterfly network can be expressed as follows: ol
\ Y
A .: -0
s Cm -18m -2....02a1 Qg
® o
Lt
ol where m - 4, 6, 8, .... The establishment of a connection from a source(S) to its -
o [ 4
o destination(D) is based on a self-routing scheme. That is, to establish a connection ':
\¢ 4
\ . . . . . -
.“" from S to D, the binary address of D is used as a routing tag to direct the connection. If
e
'h'.\ o ¢
o )
e 17 ;
]
s N
4 3 "t
L
."| .. I c‘" "'1-" Ry )\ 3- "' ..0"1"0 ||, h ‘N! ‘\""'a S
0 ' c w0
R ’3-"? % e ":f :‘,3."-&3:*:"3""«'-:’ e ..“'*%"-»'“":- "'“~: :‘::;:: & i e
3 ‘ l. .l." l' ‘l"'t‘ L’. 0: ’—Il‘w.l 8, 9 “. I‘"l‘:. XX . ‘.'. .,I‘.,C' "x 4, |.. al .O'e |'l () QQ .‘Q l‘ ‘C . (54 Q ; A\ ™ tt 0 | l whet
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o - -~

o
o welet 8§ &, s, s..8 8 and D ~dp, - 1dp, -2....d1do. every two binary bits do. . ,d5, )
'." i,
:::1. is corresponding to the setting of the switching element at stage ¢, where 1=0, 1, 2, ..., :
o .
iyt (™ 1).1s the stage number. The communication link traversed by the connection Y
bt
-, from source to destination at stage 7 is described as "
W "
\ . OO
& .,
:’\‘ (5150-“;’,\“2~--Sm 1 ,z,Sm_2,2,d2,_1d2,_2...d3d2d1do)l, :
i 2
) "
o where 0 - - ':' 1. "‘
i 3
R ]
0l . . . N
Knel 3.2. Problem Formulation and Algorithm Parallelism .
S 7
K ::: 3.2.1 Nature of The Battle Management Algorithm '
\.:f: The Battle Management Algorithm belongs to a class of linear programming prob- N
R L0 I
® lems. These problems are concerned with the optimization of a set of linear functions
< By
'. n ‘.' - - . . . .
o, subject to some linear constraints and to the condition that all the variables must as-
! ," w
o ¢
o sume nonnegative values. The function to be optimized is called the objective function. -
. U
'y . . . . Pt
,"" For example. a general formulation of linear programming problems is as follows: To
-y .. . . 04
¢:, optimize the objective function ::2
A -y .y of
s ,»x C VooXo *VouXi 4 o+ VoaXa + .+ Vo X, :;:
B F‘- ] )
Lo subject to the linear constraints !
Yy
2 .
*" VioXo « ViaXy - oo v VigXg + o+ Vo X {<, =, > Wy, :‘t:
{
‘' -y - S v
R VaoXo » Vo Xy + oo+ Vo gXa+ oo + Vo X {<, =, >} Wy, Q
¥, )
BNy e, “
.;, VioXo + Vin Xy ~ o4 ViaXa + o+ Vi X {<, =, 2 Wy 0
n..: ::t
R e e, ]
. 4
.;\?)-‘ Vo 1oXo * Ve 1 Xn + ot Vg aXa + o+ Vo X {<S, =, 2 Wy :::
® and to the nonnegative condition Xo > 0, X; >0, ..., X, > 0.
v-:-‘ ".:
-, A set of values of the variables Xo, X, ..., X, that satisfy the linear constraints E
e ) e : . . . v
- and the nonnegative condition is called a feasible solution. A feasible solution that :
Ll ~
b A .. . . . . . . . L
can optimizes the objective function is called an optimal feasible solution. The region
o X 1 .::
o ¢
. , 19 o
: 4
o :
L J
'0 'I .‘b Q.'. .‘ﬁ‘ o .l‘ l.l O/ ‘0 Q', AN Q'. ‘0 o ‘ o, ot .l
‘ ‘i o‘.’t ety ‘u‘.’ 'o g'n" .’ .‘o e a.. .'k .: oo ‘s‘ Aol 0
f. ‘l ', .. Iy .‘\ ’l(. l...l:k "‘ l”.g“‘. Q'. ".ﬁ . ' ; | “.0.’. .'t ‘.l‘: {3 4:5# ."’ k ...Q| q.l."t' ".Q‘..Q ’.. .:‘O ‘

r )
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:E' that contains all the feasible solution is called feasible region. which is always a convex 5:
§§:. " polygon. ::E
,'::- For the problems of optimizing linear functions subject to linear constraints. it :
}\:" v has been known that an optimal feasible solution is always at a vertex of the feasible :;:
‘ :-: region. Hence, we need to examine the value of the objective function at each vertex ::E
i. of the feasible region. The problem of finding an optimal feasible solution may become ?:;
"‘l a very tedious job, as the number of variables and the number of linear constraints s
:E\E increase. Simplex method is one of the most useful methods for finding an optimal :‘
_,::, feasible solution without examining exhaustively the values oi the objective function .:'
‘r at all vertices. It is an iterative search procedure. Starting from an artificial candidate -
i;:k:: solution, it first finds a basic feasible solution, which is represented by a vertex of &
::‘{:‘ the convex polygon. From there, it searches for another vertex at which the value :E:
" of the objective function will be improved. This search is repeated iteratively until :
{ : the optimal solution is found. Since there are only a finite number of vertices, and ."_
‘ the objective function value is improved everytime a new vertex is reached, the search

‘5:’5 process will eventually converge to the optimal solution. :t
‘, :-:-‘ The theory of searching another vertex at which the value of the objective function v
f :."j is better, and of knowing an optimal solution has been reached are described in detail in ::'
0 'Liu 68,. Here, we only focus on the procedures of the simplex me*hod. The objective ':
3 24 function and linear constraints can be rewritten as follows.
R I8
*:';f C VooXo VouXi .. VoaXa .- Vo, X, =W A
,,: Xoo1 +VioXo t ViaXy 4 oo - VigXg b4 Vi, X, = Wy '
B2 st
}._ Xroo + VaoXo + Vau Xy t oo v VoaXa+ ot Vo, Xy = Wa; .
1 — :
UL X,k + VioXo + Via X1 + o = ViaXa & oot Vi Xy = Wi

®

); -

j.)*f: Xpin o1+ Va 10X + Vo 10Xy oo = Vi 1aXa* ot Vo 10 Xr = Waip; :
'\"E where Wy = 0, and X,.y, X,.2, .... X;.n | are the added slack variables (or basic ‘
.. ) variables, initially), Xo, X, ..., X, are the non-basic variables. Except the coefficients -
beos 3
ks 20 ]
'\""i’ b
4204 ;
o

LY TN a0 o
:v:'. ‘.: ':u' 'E " e" .?& * é\'.t N 3 d'::'u':".t .."'-::.‘ :.'r' .:g‘u'u" .‘."5" "‘f" 'c."' e.' ‘ ‘:::‘l
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o e
::: of the slack variables. an nx(r - 2) coefficient matrix is generated. .::m
‘- --"'00 -Voi R “fod . - Vo, Wo \ :.:
!.‘ V]o V” P V]d P V]r ‘Vl “.';
r C - : : : : : : : -
oy Vio Vii oo Ve o Vi W o
A e “Q‘
) . . 0) \
‘ ", ) . ) . . ] . . ] . . ::'0‘
S Vieenyo Ve oo Vie=nyd oo Vimoye Waoyo ".'1
-‘ L .

For coefficients of the equation of objective function, any negative value will pro-

-
e

%

duce one pivot column. For example. if - 154 < 0. then the d-th column is called

<

Yoy, ?.- —.«-- -

A
\
the pivot column. To determine which of the variables X,. 1. X,.2. 0 X,y 1 will ':
become a non-basic variable, the ratios \“. L. \‘;’d. \‘tv—"d. “.‘ "' are computed.
o Suppose the ratio \‘t—!‘; is the smallest of all the positive quantities, then the cocfficient :\
= : N . o . ]
o Vi.a4 is called the pivot. The row that contains the pivot is called the pivot row. As .

<4 . . . . .
¢ soon as the pivot is determined, the operations are continued as follows.
® . . . .

N (1) The pivot is replaced by its reciprocal.
S
0 (2) The other entries in the pivot row are divided by the pivot.

1"5
v, (3) The other entries in the pivot column are divided by the pivot with their signs
4
. reversed.

W

: (4) For the other entries. V; ; ( # k,j #d)isreplaced by V, ; — Vi ; W, (v # k)

:. . . . v, O:M
x is replaced by W, — W « . ::':

Vy 2

‘) The above operations complete one iteration. The iterations are continued until —

P o

b the coefficients in the expression for the objective function are all positive. At this s

1 . ‘)

L) N . . . .

v point. the optimal solution is found. :'.l.:
~, .‘ Y
® 3.2.2 Task Decomposition e
[} ‘
3 3
" This subsection deals with decomposing the sequential algorithm of the simplex :::ﬂ.:
B (N
. - . . hoh!
o method into several concurrently executed subtasks, then these subtasks are assigned B
o to the processors on Butter flyTM network. In general, there are two correlative fac- o
N tors influencing the decomposition : granularity and interprocessor communication )

W,
) . . . -

Ny cost. To achieve a maximum degree of parallelisin, we attempt to distribute compu- 9_,,
\ %
. .
.‘ tations to as many processors as possible -- fine grain. However, overhead due to -

» .“‘
: R
I:' 21 .::;
‘.' “"
::u e,
. o OO
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interprocessor communication drives the tasks allocation strategy to cluster modules

large grain. Obviously. it is not easy to satisfy these

to as few processors as possible

two conflicting factors simultaneously: therefore. a compromise must be made to find

the optimal arrangement for a task such that the maximum system performance can

be achieved.

We illustrate the data low and process structure of the simplex method in Figure

3.2. In each iteration. a pivot column is arbitrarily selected corresponding to one

negative coefficient of the objective equation. The following parallel algorithms consist

of four sequential computational phases in one iteration:

Phase 1: To compute all the ratios simultaneously by accessing the local data.

Phase 2: To determine the smallest ratio and the pivot

Phase 3: To modify the data elements on pivot column by accessing the pivot.

Phase 4: To modify the data elemecuts other than those on pivot column.

To obtain the optimal balance in the competition between granularity and inter-

processor coinmunication cost. we arrange one row elements of the coefficient matrix

. to be performed by one processor as shown in Figure 3.2. Hence, we are dealing with

A\l mapping a problem with nx(r - 2) data elements onto a Butter fly"™ network with ¢

2™ processors and 2™ shared memories. The relation between the problem size and

the network size is

2m72 <n e 2m Wt

~

V v
Kr
j Before the computation starts, we assume data elements are assigned to processors ‘ \
* D!
) as the following way: The data elements on row 0. row 1, ..., row (n-1) as shown in N
®
' the coefficient matrix are assigned te the processors Py, Py, .., P, on the Butterfly ‘.:A“
X
O
.J,: network respectively. That means, the data eiements on row 0, row 1, ..., row (n-1) :.:.:
s . Q'Q.I
W are stored in the memory modules Mg, M, ..., M, | respectively. : ::.::
L o,
®
: 3; . I
> 3.3. Algorithm Mapping 3¢ b
7 2
j: A significant aspect of parallel algorithms is that in many cases, the model on :{}
Al 50
® which they run is not physically realizable directly in present day hardware. Typically,
v o
: '§ "'.l‘
! 22 :n "
- OO
Y4 1. {
4t o g
L
'? RIS ) WY (REOAON0 s ' Hsl.t AR i
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Figure 3.2. Process structure and mapping of
the simplex method.
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o
e . . 3
N for an ideal parallel computer. each processor can access (read from or write into) one ':
[} ey
T . . . )
:.' memory n one step. Simultaneous read or write on a memory by more than one i
K l.'
b o . .- . . . . O
e’ processor may result in competition problems in that memory and in communication
LR 7N . . o . .
::::' links. As far as a better system performance is concerned. hence. it is highly demanded ¥
'
e . . . . . .
,:::: that an efficient mapping for the linear programming algorithms on the Butter flyTM :i
() . . . . {
Wk network should be designed to reduce the contention problems both in shared memories N
».
RN and communication links. ;
! ’.l W
.:.':. Based on the fact that the same arithmetic operations of the linear programming 3 !
dhy ;
:q:l‘. algorithms always reside in the same level. in the following we design the conflict-free N
(‘_ connection strategies to prevent from collision of the communication links at the saine 4
) u
j E-C' level. :..:
; o &
Ji%) b
‘b 3.3.1 Conflict-Free Connections '
L
4,.; Prior to describing the parallel algorithm and mapping strategies, we first intro- "
b
o™ x'} .. . . . N
x"’,‘; duce Definitions and Theorems relevant to the algorithin mapping. A routing scheme 2
Rors . . ]
Y must be used to set up the connections between processors and shared memories. s
) However. the simultaneous connections may result in conflicts. since the Butter fly?TM o
[ XS 2 '
:':'.: network belongs to a class of blocking interconnection network. )
"N
+40Y . e . L. . . . . . "
w Definition: A connection conflict is defined as a situation in which two connections e
use the same communication links at some stages at the same time. On the other hand, ;,‘
0
:“ two connections which do not result in connection conflicts are said to be conflict-free. ,
‘ 0
: v
§ J vse . . . ¢
D Definition: Let X and U represent two different n.-bit binary numbers, then ¢(X,U) W
o . . . ) : .
= is the maximum number of consecutively two identical low-order bits of X and U. W
B, 5 . (N
'_,2 For example, if we consider m=6, the number of stage--m,2=3, and X=01 10 10, ::
( I!
L")
'.';:\ U--10 10 10, then p(X,U)--2. .:;
-!; “‘V
[ . .
3 Theorem 3.1: In a BBN Butter flyT™ network of size N=2™ with the number of "
\
o )
' . . . 0
u‘ stage 7. two connections X - Yand U - V(X # Uand Y # V) are conflict-free if ::.
.1_‘ 'J
ol : o
L and only 1 W
R v A
@ £(X.U) - p(Y,V) <
&
Ll a Y
::‘. 24 )
. PRl ~ll
N Y
@
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R PGt W§; . A aY ﬁk'\
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@ L . m
K proof: The communication links traversed by X —~ Y and U - V at stage ¢ are 5
"“"t "
P .
i described as ‘
B
e 5
M{g (1‘1101312---1m—1-2:‘1m—2—2ny2:— 1Y2: - 2---y3y2y1yo), and s
'.c;‘.. (u1u0u3u2---um—l—2ium—2—2i1’2i—1v2i—2---v31'21’lv0).' :::
!..
ol ) } W
o:: " respectively, where 0 < 1 < % ~ 1. :".
) {
¥ . - . . "‘
o For sufficient condition: since the two connections X — Y and U — V are conflict-free, "
S
! ) at every stage ¢, »
:“ W
4
3 ﬁ (ri19r372..7T1 l—24»Tm—2—2iy2i—ly2:-—2--~y3y2ylyO), :;:
M d
'&"‘ < (UIUOUJUZ---um 1—2zum—2—2z‘v2i—1021—2---1’31’21'11)0),- A
B .4
( This implies '
o ‘
i?% (T17013T2..Tm ~1-2iTm-2-2i) # (L1UOUBUL... Um_ ) _2i%m_2-2;) OF o
Sty l.l
N (Y20~ 1Y2i ~2---¥3y2y1Y0) # (v2i-1V2:i-2...v30201v0). : :
’- - -
Hence, we have p(X,U) + p(Y,V) < 2, -
[ 2 v
T
¢ \
e For necessary condition: we assume ¢(X,U) = k and ¢(Y,V) = ¢, then k + ¢ < 5. ::n
' [
A (N
- g
5:: (1)ift =0or T — 1, then K
" (,: .“
N (T12023Z2-.Tm_1-2iTm—2-2:¥2i- 1¥2i—2...Y3Y2Y1Y0), # o
," . >
':" (uiuouzusz...um “1-21Um—2-2iV2:-1V2,2...3V2V} vp), since X # Uand Y # V. §
:Qa‘. . .‘l
oy (2) if 1 <7< g, then g

(yzx«lyz:‘ 2...y3y2y1y0) = ('021'—1'021'—2---1}3”2”1”0)-

I:‘"’I. Since o(X,U) -k, and k < T — ¢ < 2 — 1, we have ‘EE‘:
g::.: (T120Z3r2. . Tm_1-2iTm-2-2i) # (Y1%oU3U2..Um—1-2iUm—2_2;). ;:‘E
~. (3)ifg<i< ™1, then h
?'3 ] (Y2i-1¥2i—2.-Y3y2y1¥0) # (V2i-1v2i—2...v3v2v; v0). ':‘:E
Es.:' Consequently, at every stage 1, ;:E
:\g. (T120T3T2..Tm 1-2iTm—2-2iY2i~ 1Y2i-2-.-Y3Y2Y1 Yo),

: # (u1uou3uz...Um _1-2i%m -2 2/V2i—1V24_2...V3V201 Vp); 'ai
:: Hence, X — Y and U — V are conflict-free. O &
e

The operation of sending messages from processors to memories (or vice versa) is

. ]
L0 4
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! Y
_n' 'L::::
®
I} -
';“ called a permutation routing. Shortly, we relax that the processor-to-memory assign- :.:::
’:“ . . . Q:fl_
0y ment is a permutation. ..:::
: o
ol O
! Definition: A permutation of bit reversal is defined as that a binary representation is =
K . . . N
::" reversed in every one bit unit. For example, if we define the permutation function of ::"::
N . o o
:1: bit reversal to be p. an m-bit binary number A = am - 1¢m-2am-3....a2a;a0, can be g‘.::s
0 )
) ) !
ransformed as the following way, p = 00G1Q2-...m-3Am-20m - 1- !
A transformed as the foll A M.t
." .
': . : S ) ‘:f‘
Theorem 3.2: The perinutation of bit reversal ensures that the communication links g,'..f
) l'.l
\ . L . . . \
::: are conflict-free, when 1t 1s used to communicate all the source nodes to their respective ":::
O U]
. n",q
destination nodes.
N ¥
"' Proof: Assume S, and S, are the binary representation of any two source nodes, .‘
-
) A
:: S, Gm-1Gm 20m_3....02a;89 :§
X el
5] = bm. 1bm_2bm,3....b2b1bo o
Q- The permutation of bit reversal completes two connections: S, + D, and S, -» D,, .,:;::
e Q08
& b
& we have ':::'
: e
A D, - p(S)) ~ aoaiaz....am-3am-28m -1 o
“
i: D] p(S]) o bob]bg....bm~3bm42bm_1 ;:.:'
g A RN
: Since S, # S;, if we assume p(S;,S;) = w, then 0 < w < 5 — 1. This allows, :::::
N A
e (1) ¢(D,,D,) = 0,if w # 0 (Note that maz{w} = % — 1), or ;;:;:
= (2) maz{e(Di,Dy)} = F -1 ifw=0 2
. ]
! In either case, ©(S,,S,) + ¢(Di,D,) < 2. Based on Theorem 3.1, any of the two )
, J 2 "‘
) connections are conflict-free. ) é:::’
. ) -
@
Sy We now describe the conflict-free connection strategies as follows. In the begin- :.;:
L]
b ) c g . Y N
4 ning. the 2™ processor space is divided into two subspaces, source-1 and destination-1, l.::s
148 , i
% each space has 2™~ ! processors. For the processors in the source-1 space, the most K :f
significant bit of binary representation is zero. On the other hand, the processors in o
D) A
; ; . . n . . '
§ the destination-1 space have the most significant bit one. The connections between "::;
A%
_’i the source-1 and destination-1 space are established by performing the permutation of :?-
e . L . J
. J bit reversal on the remaining m - 1 binary bits of the processors in the source-1 space.
". ny .
s it
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n ey
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L
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o .
::- Secondly. the processors in destination-1 space are now divided into another two o)l
L &. \
Lt . . . .
A - subspaces, source-2 and destination-2. each has 2™ 2 processors. For the processors in ‘h
H .
(h L . -~ . Y
"l the source-2 space, the second significant bit is zero. and the second significant bit of ':‘\
P p g g
[4
'~’; the processors in the destination-2 space is one. Similarly, the connections between the "
* (W
) e
a' space of source-2 and destination-2 are established by performing the permutation of ::::‘
ol L
‘1 bit reversal on the remaining m - 2 binary bits of the processors in the source-2 space. ::::
it A
;, e The similar connection strategies are continued until the number of processors in the q
() 1
% . . . . . « . (3
o destination-m space is equal to one. Since the permutation of bit reversal ensures a e
L)
)y "t
' . . . N
|:. one-to-one connection. the connections established as above also preserve the property 'a:
A
( of one-to-one permutation.
W . . . A
P The above connection strategies can be formulated. First we define a permuta- w.‘
oW . . . . . . . . 9
'§ tion p" which performs partial bit-reduction and partial bit-reversal. For example, if :ﬁ‘.:t:
8 \
‘. A - anm_1Gm_2...Gm-hAm h-.1..-G2a10g. then 4
\'. —— N 1L
‘l: Ph(A) = @pa1az2..-4m h-1- ‘{
0
) (N
. )
'::' Suppose we let S," — D;* and SJh - D]h represent any two connections from source- oy
; 6
! e 1 . te'
io h space to destination-h space. The m-bit binary representations of S:‘, SJ", D:’ and '!:,{t
’
iy D;’ can be expressed as follows, note h = 1,2,3,...,m. '4,1.
i 31
1. h 1 y! ’t
h ", !,:.:
S - 11...10ap, h y...a2a;100; Xy

(s

'y h -1
e y == }.
‘- SJ = l]lObm h ,)...bzb]bo; ‘:
. o
4 bt
Uil h h h
h h h "

o D} == 11..11p"(S;") - 1l...1lapa1G2...am-h-1; .::
gy 'v:
, h h ‘|:'
o R T T hichy 71 11 e,
Nl D} - 11...11p (S]) = 11...11b6pgb1 by . by n_1. f":
[ ]
\: If R m. only one connection is established. The m-bit binary representation of S'-" ::*;‘
\ »
o and D! become S™ - 1111...10 and D* - 1111...11. e
! 8

. sl

Theorem 3.3: For every h, h 1 to m, the connections S* — D® are conflict-free. '

:l‘ i::i"
n ' .:".'.
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i %
;:‘.:" proof: If we let 4*® = a,, » ,..a2a;a0 and B" = by h.1..b2bibg, then we have -
0\ «
z:':é' p"(Sk) = p(A*) and p"(SJ") = p(B"). Based on Theorem 3.1 and 3.2, since the per- :’
(5 [Tyt
he! mutation of bit reversal ensures that the connections are conflict-free for h = 1,2, ..., m, )
::gi: we have ::
> o
PO h h m ¥
; o(4" B*) + o(p(4"),p(B")) < 3. 5
oy i
: A h ., ch h h . . . X
) Also. because of S," # S," and D," # D,", the following two equations are valid,
o,
}5 (1) 2(S,".5,") = o(A*, BP), and ;"
'Y 9 h h h h :
A (2) £(D.".D,")  ¢(p(4").p(B)). ¢
( & Hence. we have #(S,", SJ") + ,o(D,h. D,h) < . According to the necessary condition 0
'\.- of Theorem 3.1, we know for every h, the connections established as above are all
!
_,R conflict-free. 0 ':e.
Gy \
AT Ol
v 3.3.2 Reduction of Memory Contentions
gy %
b | | A
b In shared-memory environment, memory contention problems frequently incur ;,:
ol %
oy extra execution time and consequently decay the system performance. Hence, the ':::
ey contention in shared memories needs to be reduced in addition to minimizing the -
” o S - 2
K < conflict in communication links. We propose the tree-shape communication structure o
4, NG
Y . . . ,
i which can reduce memory contention problems from O(n) to O(logz(n)) (where n is N
4
9l N
D) the problem size). The set up of a tree-shape communication structure for searching
.‘ o . . W,
;'v"'. is described as follows. :::
v, 1
: . . C . . "
::‘\‘. A deposit-access mode, which requires only one-path communication cost, is used :t_:
ol - L ¥
for processors to access the shared memories in the communication structure. For 1
;‘é example, if P,(Px) is connected to the local memory of P;(P;) by the conflict-free :E;
o . . : . A
;':‘:. connection strategies, the deposit-access mode means P;(Px) will fetch the compared "‘
& . '.l
‘.:g.' result from its local memory and store it, through the interconnection network, to the "
o
g local memory of P,(P;). P;{P:) performs an arithmetic operation to compare the de- ™
o . . %
o posited result by P;(Px) with its own result both stored in the local memory of P;(P;). &:
s . . . '
> T After the comparison operation, P; in turn deposits the compared result, through the r‘E
_ interconnection network, to the local memory of P; with the same procedure. Figure '
ol i
1y 0 Y
AN 28 Ny
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3.3 shows the tree-shape communication structure built with P,. Pj, Px, and P;. In

::::. this case, P, and P, (Px and P;) are called pair node. and P, (Py) is referred as left

child, P, (P1) as right child. In our design, the right child will become the father in

next level.

Definition: The number of level of a tree structure is defined as the distance from the

farthest leave node to the root. Hence, for a tree structure with 2™ nodes, the number

of levels equals m. We let h = 1,2,3, ..., m represent each level of the tree structure.

The subsequent following mapping algorithms serve the purpose of setting up

-,

a tree-shape communication structure on the Butter flyTM network. Meanwhile, at

~

» . . . . . . . . .
N each level, the conflict in communication links is avoided and the contention in shared

memories is reduced.

E >l

® Algorithm 3.1: To compute all the ratios concurrently for a picked pivot column.

LI :
323 FOR i - 0 TO n -1 (all processors execute in parallel) '
In 0 ° '
5 1) P, reads data V, g and W, from its local memory; W
: :
". | (2) P; computes the ratio = ‘;V",

:;":? ? ‘c
N END; ] 3

The binary representation of processor P; (i = 0 to n — 1) is assumed to be

J Gm-1@m—2-..a;0g. For a tree level h, bit a,_» (h = 1,2,...,m) is an indicator to
i“r v
> .. . . .
:'::. ) divide the processor space into two subspaces, source and destination. )
Aoy |
Bt . :
) (1) If am-nr = 0, then P, is in the source subspace. ::;
e
2] 04

(2) If am-» = 1, then the local memory of P; (that is, M,) is in the destination

subspace.

The source node P, then connects to its destination by performing the permutation of

bit reversal on its remaining binary digits am_-h-1@m- h—2...@100.

Algorithm 3.2: To search the smallest ratio and the pivot, we build the searching

tree structure from the bottom level (h = 1) to the top level (h = m}).

Step 1: For level h = 1 on the tree-shape structure

30
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. L]
0
2,
L3 ,
,‘\; If a,,, 1 O.then P, connects to its destination by performing the permuta- \
.. . . : . . - o~
;-f. tion of bit reversal on its remaining binary digits ¢, 2an 3...a)0a0. ,\.
1 -~
\. A ."
Ko Step 2: For level h = 2 on the tree-shape structure »
¥
oy The destination nodes in level & = 1 now are divided into two subspaces. If 5
l .
\ .
3 . . . . .
,:§ a, 2 O.then P, connects to its destination by performing the permutation 't
b e
» of bit reversal on its remaining binary digits @, 3@m -4...a10a0. 54
V) . . :
40 Step 3: Repeat the same procedures until reach level h == m, the tree-shape Yy
:‘ A\ . Y
R, comrmmunication structure can be set up. 1
.: "“ %W
0 . . . . Oy
N Step 4: The smallest ratio s determiined from the root processor. and the pivot S
'~ is found from the numerator of the smallest ratio. The pivot row can also be "3
o decided from the pivot. A
o .,
N . LY
;:,l" Based on Theorem 3.3, the searching tree can be mapped onto the Butter flyT* net- 1.:1
. LY
e work without any conflict in communication links for every level h, and the contention 0
'
S . . — "
K~ in shared memories is reduced to O(logan). 3 iy
\\ [
35 P
PN An example of the communication structure of a searching tree shown in Figure 3.4 b
'
- (the comnication direction is indicated by upward arrow) is built with 16 processor ga
e :
! .. :
o nodes (m 4 and n-16). Once the tree-shape communication structure has been set W

227

-

70 up(also. the pivot has been determined), the second computational phase is concerned

,
el el
D with broadcasting the pivot from the root processor to all other memory modules such
- . . 5
:':- that directly access for other processors becomes possible. E
"
N Definition: A memory replication technique is a technique to duplicate a critical data ::“_
N
L4
® in as many memory locations as needed by using the deposit-access mode. ’
oY% i,
:‘& The same tree-shape communication structure built in Algorithm 3.2 is used to .:-
o) o
:':" perform the memory replication just reverse the access procedure. The direction of ':
e "
.3 communication is indicated by the downward arrow as shown in Figure 3.4. This tree
=
: structure is referred as a broadcasting tree. ::',::
) ¥ "i
) . .|.“
[ ‘tj Theorem 3.4: A broadcasting tree structure can be mapped onto the Butter fly™ ':::
o X
."5 network with conflict-free connections at each level, on the condition that the con- .
s 3
Al 31 h
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2‘ Figure 3.4. Communication structure of message search
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nections in a searching tree structure are conflict-free at the same level on the same
network.

Proof: Assume any two connections X - Y and U/ -» V' belong to the connections in
the searching tree structure at level h. Since they are conflict-free, according to the
sufficient condition of Theorem 3.1, we have o(X.U) ~ (Y, V) < % . Now. these two
connections in a broadcasting tree structure become ¥ - X and V" — U. Since the
inequality £(Y.V) - p(X.U) < 7 is also true, based on the necessary condition of

Theorem 3.1. the connections in a broadcasting tree at level h are all conflict-free.

Algorithm 3.3: Memory replication technigue is used to broadcast the pivot from
the root processor to all other processors’ local memories. Then the data elements on
the pivot column are modified simultaneously. The pivot processor is defined as one,
in which its stored element V', 4 is equal to the pivot. For example, if pivot -V} 4, then
Py is the pivot processor.
Step 1: Memory replication
The broadcasting tree structure is used to replicate the pivot from the root
processor to all other processors’ local memories. Based on Theorem 3.4, the
memory replication can be accomplished with the minimization of contention
in shared memories and with the conflict-free in communication links at each
level.
Step 2: Now, every processor receives the pivot (Vi 4).
FOR:/ O0TO n -1 (all processors execute in parallel)
IF ¢ -~ k THEN P, perforimns the following operation
1

Vid -, (modify the pivot);

ELSE P, performs
Vid - ‘:ff (modify other data elements);
END:
Step 3: Pivot processor Pk sends its local data Vi ;, j=0 to r, and Wi to the root

processor. With the data flow similar to a wave, the root processor broadcasts

these data to other processors’ local memories by using the broadcasting tree
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7 .

;.g:’ communication structure. a ¥
" |
.ud' W

::‘ ) Algorithm 3.4: To simultaneously modify the data elements other than those on the :

D S :.r

; pivot column.

) : .

".:: FOR: - 0 TO n -1 (all processors execute in parallel) .

1atyhY . ) |

X 2; IF ' = k THEN P, performs ;:—j (=0tor,and j # d) and v&—— ‘

LW ' '_

"-j ELSE P, performs ¥

t

AW . , R v, ..

;' : Vig = Vig = Vi = ¢ (]—Otor and j # d); and '::

L) . .4

:h‘ 41 N ‘ - W k * i’*' :::

. "

o END. O "

ol As soon as the first iteration is completed. the second pivot column is selected By
e .

P according to the next negative coeflicient of the objective equation. This begins the o

o

:'.:" second iteration with the same procedures from Algorithm 3.1 to Algorithm 3.4. The ﬁ

rg.f_ number of iteration is equal to the number of negative coefficient of the objective b
%i‘ N
S equation. '.0‘
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4 3.4. Performance Evaluation

k .

WA . : o : 2
-;4, It is widely known that performance analysis of an iterative algorithm on the :‘:

K

0 . . 4,

i" MIMD multiprocessor is a very complex and difficult job, since many factors jointly ‘

'Q

) determine algorithm performance and the modification of a certain factor may affect B

Sy

: :: others. For simplicity, we make a few assumptions in an attempt to approximately :
o U
-‘ . - . -

::.\ predict the system performance by complexity analysis. Note that the real system o

% 3" t

. . . ¢

;i': performance should be better than the following analysis, since we consider the worst 54

,).;' case. It is assumed that execution of identical arithmetic operations on different pro- ::';

o '

\ . . . . p
% cessor nodes requires the same response time. In the following discussion, a denotes "“‘:
} _ it
! ) the time for completing one multiplication, 3 denotes the time for completing one divi- ";
o= sion, n for completing one addition, o for completing one logic comparison operation, "
~ . 0.‘
:‘ and pu for completing one remote memory access with deposit mode. We also assume :::
'“ . . . !

Wi that the time required for a local memory access is so small that it can be neglected. o

g "e

,‘_ Let T(7) represent the execution time for algorithm ¢ in one iteration, Tpara represent

t. M
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| the execution time of the parallel algorithms on the Butterfly multiprocessor in )
0 ‘l‘:
::' one iteration, and T,,,; represent the execution time of the sequential algorithm on .:::e
r.‘. l...:
:::‘ unitprocessor in one iteration. we derive the following three inequalities: 2
7
\ ()
e Tyara < T() = 3
b 1=1 )
4 B+ ((u ~ a)logan) ~ (u(logzn) + 3 + u(r + 2)(1 + logan)) + (r + 1)(a + n); (3.1) o
\"
.'l! 0 l..
! . L
N Turit >n8 + (n—1)o +n3+ (r + 2)8 + n(r + 2){a + n); (3.2) :\?‘
i B
) r-+1 3
» 3 ‘\_‘ Tumt .:E::
W, k-1 —
{ Speedup - L2
o] \°T , ':.‘."'
pl o :‘:::*
W .:I‘g
pr W
B W |".’|
34 r+1 L5
. S (nB+(n—1)o+nB8+ (r+2)8+n(r+2)(a+n))
k=1 . W
s e (33) T
> S (8 + ((4 + o)logan) + (B + u(r +2) + u(r + 3)logan) + (r + 1)(a + 1)) :::
k=1
8 e
5.
.-* where the maximum number of iterations is equal to r + 1. If we assume the itera- bt
. . . . . . . ol
£ tive parallel algorithm is homogeneous, then the time for completing each iteration is é:::
A )
A almost the same. When r approaches to n, we have .::::ﬁ
¥ (/ 4
s o2 e
A n )
D speedup > —(—L
oy O(nloggn) 0
k‘ b
. This expression indicates that the speedup is a first-order increasing function of the ‘l.;'.:
Y M)
,' problem size n as n becomes a reasonable large number. The result also verifies our iy
; claims that the parallel algorithms can achieve a higher system performance by taking s:if
§ X )
o advantages of the mapping method. 'Q:.:
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CHAPTER 4
EVALUATION OF EXISTING DEPENDABILITY TOOLS

1t was pointed out in the introduction that there exists no tool that can be used for
the exact dependability evaluation directly. By exact. we mean a Markovian or Sciu:
Markovian approach to capture the component failure and repair processes accurats iy
A “houeh there has been ~ome attemnpt to model a MIN-based multiprocessor us~ing

Markovian rechnique  Arlat 85, Blake 87 . these models are very simple and are alsa

Ly

x5

“y
[

%

not casily extendable to large systems. In the abscence of an exact analytical model.

.{'){.

i

x

an approximate model is preferred if it can give acceptable results. Moreover, in

L]

PP L LY Tl a

L

the process of developing an approximate model one can get better insight to go for

-

the exact techrique. In sections 5 and 6, we present approximate techniques for the

— -
-~

dependability evaluation of Butterfly and hypercube systems. In this section we first

e o an s
-

b9
o

“

present a brief <sitnmary of some of the existing tools with highlighting their limitations

>

for the dependability evaluation of candidate parallel computers.

There are a number of existing tools available for computing dependability of

redundant systems. Tools such as ARIES, CARE III, HARP. and SHARPE can he

N
y
«éz
Voo
s

7

used for reliability analysis where as tools such as HARP. SHARPE and SAVE can be
used for both reliability and availability analysis. SHARPE, on thc other hand. can
be used for performability evaluation. In this section a brief sumnmary of CARE IIL

HARP. and SHARPE is given. The conclusions regarding the applicability of these

ScnanieP):
R b

A%
w
A

R

models to candidate architectures also apply to other tools not summarized here.

It

4.1 CARE III

-

A K
felalv

oL

CARE Il (Computer Aided Reliability Estimation, Version Three) is a program

) e

designed to estimate reliability of complex redundant systems {Stiffler 82]. It was
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:.::: developed specifically for fault-tolerant avionics systems, CARE III features are sum-
:e::', marized below.

EEE: Capabilities

:;.," Predict the unreliability (1-reliability) of a system consisting of up to 70 stages
E'}E. with each stage composed of one or more identical modules.

:é?: (Can handle hardware 'softwarefaults of various types such as permanent, transient
5\‘i and intermittent.

,E:.' User must specify the number of modules in each stage, the minimum number
E:', of modules needed in each stage for the system to operate properly, the various

(': combination of stage failures that constitute a system failure and the probability
" that a specific module from stage i forms a critical pair(system failure) with a
z specific modules from stage j. Hence, a system tree specification involving the
r.!::.! critical pairs must be given as input to the program. The lower level faults in the
_ fault tree specification are stage failures.

'. Modules imperfect fault handling (coverage) using Markovian technique.

?:“ Fault distribution is given by a Weibull function.

'

4 v Disadvantages

jgﬁ Can not model availability.

y ?: Fault tree in terms of critical pairs of a MIN-based system or hypercube is very
< difficult. The number of each critical failure combination can be too large to spec-
:E:.:: ify for a medium or large size system. Particularly various combination of switch
.;':.: failures that can lead to system failure in a Butterfly type system is extremely
‘ difficult to specify.

4‘3 Can not model performance-related dependability.

::: 4.2HARP

‘ HARP (Hybrid automated Reliability Predictor) [Bavuso 87, Geist 83] is a soft-

‘ ware package that implements dependability modeling techniques. Its advantages and
;:“ disadvantages are given below.

“'::' Capabilities

L]
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