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to be knowledgeable sbout the partieulsr physical details
of the metwork implementation. Hence, a language
should have a fexible and general method of apecifying
interpracessor comeunications which hides the details of
the network from the user, as well a8 providing n means
of access to the network directly. This alows one to
experiment with paralel algorithms for o given architec-
ture, rather than have the architecture hidden.

The lack of 1 sufficiently general and Hexible method
of specifying the desired interprocessor communications,
as well gs the lsck of a general specification of muitidi-
menstonsl paraliatam, points out the meed for s more
genersl parailel language. Most of the existing languages
were designed with s particular architecture in mind and
therefore designed with the intent of msximizing their
performance on one architceiure at the expense of gen-
erality. A langnage which does not reflect any particutar
atvhitecture would be helpful in the study of highly
paraiel sigorithms, Alo, » lunguage which allows pro-
gramming of problems on s gemeral “SIMD" type of
waraliel srehitecture would a very wseful teol in the

esign and development of snch machines. Such a
language should eliow specification of problems withoul
particular consideration to the underlying architecture of
the machine or which they are 1o be executed. The
language should also reflect the state of the art in con-
ventional tanguage design,

The language proposed 2s a base for a general paral.
ie] language i Ads [16]. Many existing purallel
languages have used Fortran [7] or Pascal [14] as » base.
Fortran provides few structured progiamming facilities,
and has #0 dats structuring facility other than the array.
It iz slso unwieldy when dealisg with very complex pro-
gremn condtol flow. Pascsl greatly fmproved on tEose
problems. However, standard Pascal does not provide a
separate compilation facility, thus large programs cannot
be split into %te components easily. Also, it does not
have srrays W size 5 dynamic {9}, Adas has been
designed to eliminate problems such as this which ocewe
in exist langusges. It is o extremely powerful
language which is suttad to many different Torma of com-
puting. As one of the most sdvanced languages available
#t s » good base for & powerful and general language for
gse on paraliel machings, Ada is being used 2s the stan-
dard langusge by the Deparizaent of efense, and prom-
ises to be one & the more widely used languages a the
future. The tasking facilities avsilable in Ada also moke
it switable for use e 8 basis for developing = langnage for
uge on “multiple-BID" paralle] architectures.

Is extending Ada the structure and design philoso-

hyu!&dshssbeenadhﬂedtoumuchaspmtble.
Ehwwer, the instructions and concepts used to make Ads
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The proposed consiructs will be presented in
 seetions, one for each comstruct. Section 2 gives
yplapstion of the gemeral machine model being
Then, Section 8 discusses the specification of inter-
wsor commutiieations. In Section 4 the declaration

ishles ix desoribed. Section 5 explains o
th 303 eolleclively on the set of ) proe
tneats, To Sections & and 7, siatements which allow
“meteds $o subaeta of processing alaments, in unconditional
sad data mditianj_ form, sre presented. An example
uiiing the consirucis proposed is given ir Section 8. Res-
‘tioh 9 surnmarizes the constructs proposad.
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- The gmeml organization of an SIMD (single inslrue-
ok slream-multiple daln stream) machine [8] is that of a
ontenl uait {OU) stiashed to » number of processing ele-
ents (PEs} all of which act in parsllel (see Fig, 1).
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as those for an SIMI} machine, except there is also a need
for a convepient method of specifying the separate tasks
to be performed in each of the separate S| machines.
For reconfigurable SIMD/MS machines [machines
which may he configured as one large SIMD or many
smaller 8 machines), there must be an easy way to
rmgmm both types of machines within the same basic
anguage framework. Examplea of machines that have
been proposed that would be able to operate in MSIMD
mede inciude [12], {24], [11].

3. Network Statements

An important compopent of any SIMD machine is
the interconnection network, which allows the trensfer of
dats from PE to PE. Meny different types of networks
have been mpnsed. with varying connectivities and
varying numl of switches [17, 181 A general
form of network control, which can be used for any type
of network, should be available in an SIMD language.
The sctual physical implementation of the network
should 1ot have to be of concern to the user.

Ta move data through the network there are two
actions to be taken. One, the particular interconnection
pattern to be used must be indicated. This is done by
specifying the interconnection fumetion representing the
pattern, where an infzreonnection funclion " is a iijem-
tion on the integers 0 to N-1. The use ol interconnection
function “f* means that PE i is to send data to PE (i), 0
< i < N. The other necessary information is which data
nto b;t transferted and where to store it after it has been
received.

These actions have often been specified in other
langu by the use of a shifting machanism applied to
the indices of an array or by a shift operator applied to a
variable [10}. The use of shift andfor rotate as the only
interconnection functions seems severely limited. Many
other types of functions, such as the cube {}5] and the

erfect shuffle [23], have been incorporated into the

ign of networkn. A parallel language shouid allow use
of these functions as well. By using two statements to
perform the two actions in a transfer, a general
specification of many fupnctions iz possible. These two
statements are the “eetnetwork” and the “transfer’’
statements.

The selnetwark staiement contains the keyword set-
network followed by en interconnection function which
may have some patameters, For example, to perform a
plus one, med N shift {f{i) =1 + L mod N

setnetwork shift{1,N);

would be the appropriate statement, The function
“ghift” would be found in o standard iibrary of intercon-
nection functions. This type of specification i» indepen-
dent of the underlying physieal network structure and
implemsntation. The user need ouly know the furnction to
be performed and the parameters necessary for that fune-
tion us long as it is a standard one. For pon-standard
tunctions, the user will have to write his/her own
machine depeadent routive, which will require some
knowledge of the actual intercopnection network strue-
ture,

The iransfer statement controls which data is sent
through the petwork and where it is stored after bei
received from the network. For example, Lo transfer an
element array A in PE i to a similar arrey B n PE i+ 1,
the setnetwork statement is frst used.
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sstnetwork shift{l,N);
The tramsfer statement is then executed by the PEs.
transfer (A} into (B);

The array is traasferred In one statement. The array will
be transferred an element st & time with alt active PEs
iransforring in parallel The items in the transfer state-
ment may be arrays, records, varisbles or two lists of
such entitios, If lists are used a ove to one mstching of
iterna in the first list to those in the second st occurs.

The use of two separate statements allows more
fexibility in dealing with the network. The network peed
not bs get each time & transfer is done. The petwork set-
ting will remain the same until another sstnetwork state-
weht is sncountered. To show how this might be usefo!
consider sending array A in PE i to array C in PE 142
mod 8. Then asray C will be multiplied by a variable B.
Lastly PE i will send the new values eslenlalated for
ruy C to PE 142 mod 8 which will store it in array D.

iy o

is would be performed by

satn shift{2,8);
tra M;A}Mﬂ(g};
i O a By

transfer (C) Into {D};.

The network need only be set once a0 matter how many
trxislers follow,

. Theen iwo siatements provide uza of & vatiety of
network fupetions without necesmsitating knowledege of
the sctunl network. However, one may wish to have
aeeess- to the actusd setting of the network in order to

write -oneé's own intercopnection lunction. For this pur
. pose,. the two functions “send” and “receive” are pro-

“posed. Tt is assumed *hat associnted with each PE are

i net” and “out net” registers, The send fumction
Apida-the datn aud initistes the trangfer. Tt will load the
'gﬁ‘eeiﬂed-_slth.tp be sent th the metwork into the
5% Sopough the Detwork. snd placed T ook ) thes be
2t & e network an: ced in out_pet
g?thﬁm jent PE, The mmp;rc fanction will taks the
dads it -the out net re of the receiving PE and
#881gn 34 to the specified Jocation within thet PR,

. Axan example of how these i be used, consider
atforming & uniform shift, Assume the network is a muk
tistage cubse {20] and that each PE hoes o register, ADDR,
w mem kitig 158 physical sddress.

“The multistege cube network will use routing taf

ioh thuterr pﬁn ° pa&h of tﬁ: rdaahdt{;rm:ghr the ne
i) M ¢an ound by performing a
vl mjmgirmd the source address with the des-
ion sddvess. The network hardware interprets these
%10 perform the dats transfer. Thus, to transfer
nlo sty (iu(ho%h of pize L) using a woiform
ifite reonnection fanction, with 18 (N = 16) the

ADDR XOR ({ADDR + 1) mod 18});
1n 0. L1 loop

e
iy are exécuted by active

¢ send and receive functions to exper
. will 4s {o comstruct nom-

The intention with respact to the setnetwork and
transfer statements is to provide a convepjent wsy in
which to represent many different interconnection fane-
tions. The representation should be st a high level in
order to hide the implementation details from the user.
The two statements provide a form of speciication which
is independent of physical implementation as well as
being applicable to a wide variety of functions. The send
and receive functions will provide accesy to the setual
working of the metwork for those who wish to directly
contro! the petwork.

4. Derlaration of Parallel Varisbles

Geperally, scalar operations are performed in the CU
and operstions which are performed on many data
streams sre performed in the PEs. Thus thers s a need to
distingush between CU objects and PE objects. All vari-
ables, arroys, records, ete. will be comsidersd to be CU
objects unless specified as PE ohjects, This ia done by

ualifying the declaration of a PE object with the prefix
E on the type. The declaration

B: PE_INTEGER;

would mean each PE has a variable B, in effect, the
tem has a 1 x N array. The declaration of an M x MEFEF}
array of integers would be

A: array (INTEGER range 0 .. M—1, INTEGER
range 0 .. M~1) of PE_INTEGER;
with tha prefix PE indicating this array is to be stored in
the PEs. In this case esch PE would have su M x M
array of integers, so the system would have N such
arrays. In contrast, the declaration of an M x M CU
array of integers would be

A: array {(INTEGER range 0 .. M—LINTEGER
range 0 .. M~1} of INTEGER;

Since there is no “PE" prefix, this array is to be atored in
the CU. This is simply the normal form of an ArTRY
declaration in Ada.

5. The Any and All Operators

Often there is & need for determining the status of
the PEs a8 8 group. For example, if each PE is process-
ing a subfield of a radar image it may be desirable to
know “if any” of the PEs has Jocated an enemy missile.
The desired operations for testing PE status are “any,”
“afl,” and ‘‘nope.” Operators such as these have been
used in Plor [5} and CFD [24). Not alf are pecded a3
Primitive opeiators since they can be combined with the
‘not” operator {in particular, ‘not any” is equivalent to
“none”). The operstors “any” and “all” are similar to
the “or" and *‘snd" operstoms, mﬁletlm , which test
values of variables and expressions. The difference is that
“any" snd “all" test the value for all active PEs. Ever?
active PE must have a true expression value for the "'alj”
operator to yield & true value. At leust one active PE
must have s true expression value for the “suy” operator
to yield s troe value,

‘The opsrators will follow the same rates as the
Boolean operstors in Ads except that the expression
evaluated must have st least one PE entity in it. The
precedence of the “any” and “all” ?mton will be the
same a» the Booloan operstor “not.” Use of parentheses is
sot required, and is determinud by tha consiruction
of the expression. Operators of the same precedence are




y Wﬁllﬂtﬂl in left to right order. Since “any" and fall"
~have & higher precedence than “and.” “or,”" and
xor,” gonstractions such as

any Band A

{where A is & CU variable and B s a PE variable) do not

faﬁf‘ porentheses. This will test whether “any” of the
4 hove & troe value for B, then perform an “and” of

- the resiit of the test with the CU variabla A, Thus the

- expresaion o be true only f A ia true and there Ia some
: e,

' 8, The Mask Statement

- 1n an SIMD machine, all active PEs will sxecute the
urrent instraction. Often o specific subset of PEa will be
éd rather than all PEs. For example, when doing

| image correlation [29) the PEs holding the edges
% will not perform certain operations that the
%«:‘fﬂoﬂl A masking scheme is a method of
hich PEz will te active at any given time.
& such: s Glypoir Jll)] and 24] used &
itor whick contained s bit for each PE. The
sehoe of & @ or 1 in bit i indieated whether PE i was
gactive ar sctive, respectively. So, for exsma;le, to have
en -aumbered PEy active and the odd numbered
tive, lor N = 8 PEz, the mode vector would be
VUsers were allowed to perform logical opera-
the mode vector. For example, the CFD atate-

firat I+2 ?;i the lu{l -1 I;lii'a T!lt‘]’: nota-
iy, Also, for machines with large
example 1024) the manipulation and
fhode vector becomes quite incon-
tor does have the advantage that
o e S
W3 a large choice of subsets
eeded in Sﬁm proceasing} to be
while maintaining computa-

#0 masking scheme introduced in [15],
et sme e quced fn [15],
of the mask corresponds to a
dresses of the PEs. Each posi-
a 1, open X. The sactive pro-
address matehes the mask in
or 1 matching X. For exam-
teh PEs 2 and 6.

used in q%smt_m slatement
ok epetition factors
f factor to be
; for exampls, if
i iv squivalent to
eyen mumbered

eluded to

t%zwill
.;muwlﬁoh 7OEN
;M"mm-
it vector, and a one
hudicate that .ih

ensbled. One method for keeping track of the status of
the PEs is by means of a run-time mask stack. When a
block is entered the active/inactive status of the block is
determined by the current top of stack, T, so a copy of
the top of stack is Eus.hed (i. e., the top two elements of
the stack are T and T.) Any mask statements oceurring
within & bloek affect only those PEs which were active
when the block was entered. Those PEs that are inactive
upon entrance to a block will remain 8o throughout exe-
cution of tha block. Thus, when an enable or disabls
statement ia enconntered the top of the stack is popped
and the mask is lolgically “anded"” with the new top of
stack (T). The resuli is pushed onio the stack. Simi&rly
the current top of stack is pushed on entry to a subpro-

em and popped upon return. Upon exit from the

lock, the current top of stack is popped restoring T to
the top of stack. If a block contains a sub-block the pro-
tedure is repeated.

As an exnmE:e, assume that prior to entry to a block
oly the even Pls (N = 8) are enabled. Then the state

Lienis
enable0X0;
st.steman}tuil-
enable[X0X]:
statement_2:
will ¢cause only PEs 0 and 2 to be active for statement 1

and PEs 0 and 4 to be active for statement_2. The previ-
ous statns of the PEs (even PEs ensbled) is restored upon
exit from the block. The values of the stack for this
example are shown in Pig. 2. The bit vectors shown indi-
cate the active/inactive status of the PEs, with bit i
corresponding to PE §,

7. The Where Statement

The PE address masking scheme is limited in that
masks cannot be specified as o function of each PE's local
dats. Another type of masking is based on the jndividnal

0L010101T 0101010 1coprofT

01010101T

prior to block entry upot block entry

00004010 1|TAND [aXX] GO0 000 1T AND [XoX]
0101901037 01010101|T

L .

result of “eunble [OXX]" result of “enable [XOX}*

G1010101(T

.

after axit from block
Figure 2. Example of mask stack




values of variables within each PE. The active/inactive
status of the PEy is determined by the PE's local data,
pmi}fly in conjunction with CU variables. Such a condi-

tional ‘mask csn be implemented b where slatement
which has the fora P y & there slatem
whera cosdition do statements;
elsewhera statements;
andwhere;

Tha elsewhera portion of the statement is optional.
The where statement will divide the eurrently active
PEs Into two disjoint sets, each of which will be active
for either the "do" section or the “elsewhere” section but
sot both {PEs fusctive prior to execution of the where
empln inactive, 23 discussed below), The
‘be executad first in the uppropriste PEa
) él_mme" section will be executed. They
coouted similtaneously. This ia because the
lsewhere” code must be broadesst seques-
there is a eingle instruction stream. here
¢ sepmingly similar, perform sn action
th:il a traditional if statement. An
d

5
P MIE" ther the "then or the “else”™ sec-
/0. PEs. A where stafement can perform
M nd. the “elsewhere” sections, but in

e result of the "and" operation is
ck on top of T. Then the result of

stion “anded"” with she previous to
«d once onto the stack. The “do™
| in the same way a3 destribed for
s seotion. When the “‘clsewhere”
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Figure &. Computation of s 18 point FFT

results of each “butterfiy” operstion (see Fig. 3). TEMP
is used in the transfer operations. ‘The interconnaction
functions will be the cube functions 115}, defined by

oubey(Py1---P1 4 1PPp1--Pe) = (Po-1---Pi+ (PiPi1---Pa)y, Where
Do_yDiDe I8 the binary representation AP LN
and‘ 0 5% < n. The data transfers necessary with such
functions for a 18-point FFT are shown in Fig. 4.
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Figure 4. Data transher for 16 point F
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1: INTEGER :=
: 2 : INTEGER := LOGM) - 1;

G K : PE_INTEGER range 0.M/2 - 1;
v 8,Y,A,0,TEMP : PE_FLOAT;

K := ADDR;
- = A+
Y= (A~ 0) + WK);

forlin1l. Zleop

o imbiss [X(1-1), 0, X(Z-5);
TEMP := Y;

enable [X{i-1), 1, X{Z-T)};
C:=Y;

i TEMP := §;

enable [X(Z));
setnptwork cu

be(Z-1);
tranafer (TEMP) into {TEMP);
g‘bk 1), 0, X(Z-1)};
snable (X(-1), 1, X(Z-D};
A := TEMP, :
enable X{ZY;
K ;= (ADDR + (2¢+[)) mod M/2;
8:= A+ C;

Y= (A-0) « WK)
end loop;

Figurs 5. Statements for 16 point FFT

Ady | .t:gm 1o perform the FFT is shown in Fig. 5.
hle £ conirols the loop which constitutes
of the slgorithm. In each iteration the
ion i3 performed and the resulis are
priste variables for use by the pext
i ';“;fdte hc:glaylmd one ttlr:eusl be 52;

stwork}. After the last step the compu

:Stmen] in the PEs in bit revarse order.
rate how the algorithm ates, con-
nty amotiated with the last iteration of
shown in Fig. 6, along with a drw'm&
and teansfer operstions Jor PEa 0 an
in#% Qn_z%pnithm, I = 3 and there is one
followed by the last “butterfy” stage.
toment in the loop will activate PEs 0,
ey will sava their B data locally in A
ta in TEMP in regearntion 'or the
] 5, and 7 activated and
. ically in C and put their 8
Then Pl are enabled and the net-
.cubiy function. Al PEs wransfer their
which then peeds to be stored in the
: 'E in each PE. To do this, the even
by 40 enable statement an in
The next

jis is fmm...thepm.ioussuﬁe_ L

ates the odd Pﬁc&wh_e then stare
Bl from ihe previous siage). Fin!-l‘g,
by is computed and the computation of the

features which make Ada suitable
srchitectuves has been presented.
are present in emn:i.. araliel
yo gse of a genersl method of speci-
snmmunioations s not found in other
use of machine independent cop-

s of

1

k|

TEMP := Y:
enable [XX1];

setnetwork cube(0);
transfer {TEMP) inta {TEMP);
enable [XX0};

:= TEMP;

enable [XXi];
A= TEMP;

enable [XXX}
K := (ADDR

Bz A+

Y i= (A - C} » W(K);

Cube,

;* {2++3)) mod §;

8, . 8

Figure 8. Statementa for final iteration of loop

structs makes the language sliaciﬁed s more general

language than existing parallel
not to propose

BOgURgeES. The intent is

ala for » particular architecture

but rather one which is of use in the specification of prob-
leme for many different architectures, The language ia

intended to he applicabls to both varyi
tures and varying SIMD algorithma.

g SIMD architec-
e intention of Ada

to ba portable, readable and widely “l;ll’ﬁ“ble is also that

of the parallel language presented

ere. However, the

features presented are not expressly tied to the use of
Ada as a bass and could be incorporated inte other

Ianguages.
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