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Abstraci—

This work is concerned with the implementation of
hardware resources to support multicast communication on
the Multiplus distributed shared memory multiprocessor. The
multicast messages to be transmitted are those required for an
gfficient implementation of directory-based cache coherence
protocols. To achieve this goal, a redesign of the current
implementation of the Multiplus multistage interconnection
network is proposed. This paper presents the main concepts of
the overall redesign and describes the message transmission
modes, the cache coherence protocols, the network switching
clement control logic and the overall multistage
interconnection network architecture which have been

conceived. An implementation of the network switching
element on an Altera EPLD has been carried out from a
VHDL description of the circuit functionality.
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Coherence Protocols.

I INTRODUCTION

Multiplus [Aude96] is a distributed shared memory
multiprocessor designed to support up to 128 processing
elements (PE’s) based on SPARC processors and 32 Gbytes
of global memory space organized into 32 clusters. In each
cluster, four PE's, one I/O Processor and a Network
Interface are interconnected through two 64-bit bus
systems, one for instruction and data access and the other
for block transfer operations. Within the Multiplus NUMA
architecture, shown in Fig. 1, the clusters are interconnected
through an .inverted n-cube Multistage Interconnection
Network. In its larger configuration, the network consists of
five stages of 2x2 crossbar switching elements [Bron96]
and is able to interconnect 32 clusters. The switching
elements perform the message routing through the network
under the wormhole mode. The message header carries the
information used by the switching elements to route the
message to one of its two outputs. This information consists
of 5 bits. Each bit controls the routing process through a
switching element belonging to each network stefg_e:. Figure
2 illustrates an example of such networks consisting of 3
stages. In this case, if the message header at port 1 holds the
value “011", the switching element at the first stage will
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Fig. 1 The Multiplus Architecture

route the message to its output #0, according to the most
significant header bit. Following a similar reasoning with
tl!g;'headcr second bit, the switching element receiving the
message at the network second stage will route this
MESSALe 1o its output #1. Finally, the switching element at
the third stage will route the message to its output #1 which
is eonnected to port 3 (“011"), the destination port specified
by the header. With this simple routing scheme, the header
format and its decoding are not complex and the message
transmission process can be simple and fast. However,
within distributed shared memory architectures, cache
l:_ilogé.i'-:invalidaliun messages are frequently required by the
herence protocols and this Iu:nd of message has to be sent
to all processing elements which hold a copy of the cache
block to be invalidated. Unfortunately, the current
imﬁmnlaliﬂﬂ of the Mulluplus m-._tlustagc interconnection
Hetwork only supports point-to-point communicalion anc,
R . only send multicast mzssagr:s as a set of
s L le-destination MESSages. ,
wdanSIEEIC f:::ncg for the efficient implementation
Due to its impgmmunicatiﬂn primitives and cache
of collective © ls. multicast communication has been
coherence prfﬁ“w > r direct networks such as meshes

o jed fo o b
extensively stug"’:n d, in a more limited way, for indirect
[Lin94, Moha? ]s e multistage interconnection networks
networks such ?

Wm] roposes & redesign . of the Mulﬁp!i;s

" This wo™ * . iage interconnection network which
mulliprocesso” muadcast and multicast communication

ro.

“"-'ﬁl' ‘suppor (o the destination ports in a single network
- t
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of cache coherence protocol implementationg.
Within the Multiplus multiprocessor, (e cach®
coherence protocols to be implemented are hageq on M€
release consistency [Bers93] and on the entry ¢ongistency
{Ghar?ﬁl memory models. Both protocols will hepefit from
the provision of an in!erconnecti-:_m network with harﬂ_.__
sﬁbﬁ@ﬂ to multicast communication of cache
invalidation messages. These protocols require the use 9%
distributed directory structures [Leno90), which store
information on the clusters holding copies of each shared
‘cache block, to find out where any particular invaliﬂ#ﬁﬁ'}{
message must be sent to. For each cache block, full-mapP
directories store a bit vector indicating the set of ¢ ers.
which have a copy of that block. In addition, the Multi us
directory structure has a header generator which is able {0
codify the message header information correctly from the
information on the destination clusters specified hy!h, o1t
vector associated with the corresponding directory ¢ ;\%5‘
Basically, the message routing at each network stage 18
performed by the switching elements through the h
information decoding. In addition, the header inform:
needs to be modified at each network stage for it to
source cluster identification when it reaches the desl
clusters. This information is required for these ¢
send back the acknowledgment reply messages.
Section 2 of this paper describes the proposed dir
based cache coherence protocols to be implemen
Multiplus multiprocessor. Section 3 discusses in.
operation modes of the network switching elemer
by the header models to be adopted. Section 4 des
header generation procedure. Section 5 desc
switching-element design to incorporate the req
of the new network functionality. Section 6 des
behavioral simulation of the overall porposal, w
been performed to validate it. Finally,
summarizes the work and describes its next evoluti

i

transmission. This facility greatly improves (he oppciencd!
g &

DIRECTORY BASED CACHE COHERENCE PR:

cache coherence protocols to be adopted
lus multiprocessor are based on the use of di
lories. Two memory consistency mod
ted: entry consistency and release consiste
perate under the write-through scheme @
ock size is 32 bytes.
ntry consistency memory model requires the y
and release operations at the beginning ang
“critical section, respectively. In additio
ariable must be associated with a synchro
. When an acquire operation is pgrfarm
ization variable, only the shard variables
particular synchronization variable are:
e use of the entry consistency memory Ma
list (DBL) per acquire and per proces>ofd

direct mapped cache, which holds the jig

_corresponding release operation, The diregt

‘caches of their processors. One single b

"J'.l_f necessary, the directory entry corresponding {0
. 4 4 by setting the

ko identify if the block to be written is remote Of loc?
. local and is already present in the DB

full-map directory per cluster are the majq d

which are held in hardware withiy, th

architecture. In addition, a stack of active DBE M“lliblﬁs.

ata Slruemres
processor is kept in software to cope with pe rfemh
pairs of acquire-release operations. The DB <

: ; of cante. B8
that have been written in between ap ®ache blocks

every cluster local cache block, the list of it holds e,

which may have a valid copy of that block inpt:::l“s“#
Private

S a$50ciateq iy

s
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each cluster for each directory entry.
To analyze the protocol operation it is nece ,
i S8y fh 1o
into the details of how the following four basi:rg,'w look
functions are performed: acquire, read, write md ;ﬁ?ﬂ’_r'

The acquire and release operations are imp]e‘“ehted-u" g

software control with the assistance of dedicated hardwape
‘When an acquire operation is performed, the Sroc are.
‘obtains the identification of the last DBL in yse hefﬂl'ethem
last corresponding release operation. There are lhme
possible situations. The first one takes place when the firs;
aacquire is performed and, as a consequence, there was no
‘previous DBL in use. In this case, the processor gbﬁﬁﬁe.
identification of the next free DBL available and sets if as

~ the current DBL in use. If there was a previous DBL i yse.
~associated with this processor, its identification is saved in
the active DBL pointer stack. The second situation takes
. place when there was a previous release operation and the

45 :DBL in use belonged to the same cluster. In this case, this
. DBL simply becomes the DBL in use again. Finally, a third

situation takes place when a remote DBL was the last.

in use by the last corresponding release operation. In thi

BL using the DMA facility provided h]t
terconnection network interface. Then, an invalidat

ving copies in private caches within that cluster.

read operation is performed after an acquire aﬂdbﬁfﬂq
rresponding release operation, the target cluster uped

‘particular cache block which has been rea
‘bit associated with the source cluster.
. In write operations, after an acquir o
corresponding release operation, it is firstly ne

L in Imm:s
2ds to be done. If it is local but not present m _
information stored in the local directory CONE,

/i8 stored in the DBL entry assigned to the®

=

P e -

e, the same procedure adopted in the first situation is

peated and the remote DBL is copied to the new local
“the

tten. If the corresponding DBL entry 8 “0: inval
\rﬂ'ra{iﬂn is started b}' Seﬂding a mulIlCaS T

r
L

peration takes place to remove from all caches wztbmﬂﬂ‘-
uster the blocks stored in the DBL which are marked as’
el
Read and write cache coherence protocol operatiﬂsﬁ&@q
totally performed under hardware control. When a fefit
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Fig. 2 N-cube Network

message through the interc i

holding copicsgo Sdhat parti::r;c:]iz l:etwork to all clusters
: When the block to bF: written is remote and not Srescit
in the DBL, the destination cluster sends back, as a repl

the wrilc operalion, the contents of the di‘re.clor cpﬁ:&ﬂ
associated with the written block. This information i_fsmmﬂ
in the_ DBL at the source cluster. Once again, if the DBL
entry is not free to store this information, a flush operation
takes place with the use of a multicast message.

Finally, when a release operation is performed, all
pending write operations have to be completed before
releasing the synchronization variable. It is possible to
check this information because all write operations in
between an acquire and the corresponding release operation
are required to have an acknowledge reply sent by the
destination cluster. After the completion of the pending
write operations, the DBL identification is stored in
memory as the last one associated with a release operation
and a pop operation is performed in the active DBL pointer

stack associated with that particular processor in order to

define the new DBL in use.
With the use of the release consistency memory model,

basically the same data structurcs used with the entry
consistency memory model are held in hardware. Read and
write operations are performed exactly in the same way
described for the entry consistency memory model.
However the acquire and release operations have to be
modified.

When an acquire operation is performed, a much
simpler procedure takes place. The processor obtains the
identification of the next free DBL available and sets this
DBL as the current DBL in use. If there was a previous
DBL in use associated with this processor, its identification
is saved in its active DBL pointer stack.

For the release operation, after ensuring that all pending
write operations have heen pc;rfo::med_ in_memory,_ the
current DBL s scanned and invalidation multicast
messages are sent (0 all clusters holding t::opies of data
blocks which have been modified. anc this operation is
completed, the DBL contents can be discarded a1‘1d the DBL
is made available for future use. A pop operation is then
narfarmed in the active DBL pointer stack associated with

Fig. 3 Multicast Transmission

Fig. 4 Symmetric and Non-Symmetric SIges

that particular processor in order to define the new DBL in

use.

L  MULTICAST COMMUNICATION WITHIN THE
INTERCONNECTION NETWORK

For the implementation of broadcast and multicast
communication within the interconnection network, it is
necessary to modify the message routing procedure within
the swilching elements since, in some cases, the message
will have to be routed to both outputs. The header must
carry cpmpiex enough information to precisely describe the
transmission mode (peer-to-peer, broadcast or multicast)
‘and how the message should be routed through the network.
For multicast communication, the header must indicate how
each network switching element should route the message
(Figure 3). However, the header size is limited by the
number of bits of the word which is transmitted through the
network. If this size is bigger than the word length, the
message transmission gets slower and a more complex
hardware is required to deal with the header. In the redesign
of the Multiplus multistage interconnection netwurk, the
word length to be transmitted through the network is 16
bits. .
With this limitation on the header size, it is not passible
to adopt a simple representation based on the use of asingle
bit for every possible destination cluster of a message, as in
the full-map directory structure, since there may be ,up;.:gg-é,g
clusters in the current definition of the Multiplus
architecture. ; L
The compression of the ht?ade‘r ml’orgﬁaugn is performed
by the header generator circuit, which is part of ‘the
This circuit is able to rec oy

directory structure. | . ognize
OGBMiences Of Symmeric routing (all the switching

artic k stage route the incomine
elem of a articular networ e
ents P the output #0 or the output #1) along ﬂfg

mes to either :
Cﬂm?pﬁifz path (o be followed by the message in the ne Sl

T tion t
and this informa ! ize
neiw::;: 5:;03 is said o be symmetric when the number

! =

itching clements at that stag,

el reach the SWItC s Stage 1s.

:‘l';esj;;ges msalm{: qumber of messages leaving that Stage
he same 2 :

because all th° message

f the switching elements.
: the outpuis #l 0 ts.
outputs #0 of 1© e

o reduce the header size. A

pamik 1,

s have either been routed mlhe.\ =



Son ot ! n. Therefore, it &
pt 1L Symmetric stages g n mode, which is the
..!'"‘f"?;;‘ag'f'.f“ﬂ‘mwmhes _ lowing S bits Of the header
fee bymf::germnngm : ting should be performed at cach siage
B I ﬁyh?;f bit. T_"' Sy the first header bit is not seq
: gﬂm 784 o tain analyzed. If they are equal

e ihcarisc. &
3 inFig.# the first stage is non.gym his the header bits h(l..
seiond . muungme,n count of the number of bhi '
ik mgclsu;ymmcmc since = 'S oqual
3 !Dutmg messa “ ' e
( Ilmdstnge:snonmgﬁ = s message ransmission.

) * ‘are routing the messages (o dif JIEG h(ﬁ..?] indicate how the e
the four symmetric stag:-.s.
Ig;w !'I'lc routing should be p

stage. In this case, t
_'__sﬁ:m“ll“ because the single ne

":!:emutu}gth_emcssagcmbuh

a classification of the tmnsm:ss:un
ful:ue more than a single header m
ssages because, depending on [h.g-,
mauon clusters, the header inforn
be simpler or more complex. For a e
32 ,clustm even when mcrcm

fnr a message, it is possible to f when the number of non-symmetric

4 symmetric stages and | bits h(6..8) or h(6..7) indicate, re
canﬁgumtmns with 3 non-sym ! : roulis should be performed in the
' TABLEI : The header bits h(9.12) or h(8.l
'anzmMonas how the routing should be perfc
\ T« ig] s,la!;ﬂ.s
,‘ M"Hﬂd‘l 3 yn number of non-symmetric stages is
e 155555 he transmitted twice with the he
— |OTTTTTSSSSNN -adopted when only 3 non-sym
|OTTTTTSSSNNNN 1 the first transmission, stage 1, i
OTTTTTSSNNNNNNNN , Or stage 2, otherwise, is sel

— [OITTTTSSNNNNNNNN (X2)
~ |[OIITTTSSNNNNNNNN (x4)
i OODEIUO

the message to the outputs #1 of i
' 8-bit vector which defines the
it each of the 3 non-symmetric
transmissions, because each OperaiiGis
erent group of destination clustars
-mproach is adopted when the nu
5 is equal to 5. In this case, &
s are performed and in each of the
! aamu used when there are
5. The four transmissions
on in the first two network stages.
ons, different patterns of the §-bit Y&
the routing to be performed by B

| i:anif*fmm 4 non-symmelric stag
1s in which every stage is non-s

011 ’iiliﬂns work classifies th
« number of non-symmeiric

symmetric, a peer-10 peer m
© the header needs to specify
Bﬂﬂh network stage. When one 0l
symmetric, a multicast MC
\311 broadcast message, W when
. destinations, When the first hed

nﬁwthxt a peer-to-peer message i

'r g

: 1 e LE S
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Iv. THE HEADER GENERATOR

The header generator is the
]m-dwm module responsible  for
building up the header information
shown in Table 1 from the bit map
information associated with a cache =2

Loan )

[]

L

block entry within the directory ~ — < L ]
structure. e Lol i =
The header generation and N s B : ™

e A i are ] = AN
interdependent. A careful desi i = e A —
the header generation procesﬁgn c:: t_]] [—,J. ,L' e .:]
lead to simpler decoding processes at — !_;—JI _\ i SR NN
the switching elements, which is a B e R
necessary condition for reducing the [l e [ £ By N
message transmission delay through e B =3
the network. The header generation IS _[E] g =
process with the formats presented in = E__] “,ﬁl :,_-’:D-' =
Table 1 can be simple, when [_—1 = I,_—
broadcast messages are considered, = U -
or complex, in the case of multicast
messages. In both cases, however, it
is firstly necessary to identify the
header model which will have to be \
used. ’

7 Vector

If only a single bit is set in the
corresponding directory bit vector
entry, a peer-to-peer message %
transmission is to take place. So, the Fig. 5 Header Non-Symmetric Vector
first header bit has to be set to 1 and

removed and the set of outputs 1_‘;
this reduced network, which ﬂ;e
reached by the message, defines :
header non-symmetric vector:

procedure is illustrated in Figure =-

; in

As previously pointed O?:i‘cast
rinciple, two or four mu

e when the

messages need to be sent T
number of non-symmetric Stages 15
4 or 5, respectively. To reduce the
negative impact caused DY the
transmission of multiple mcssa_gﬁs
in sequence, the interconnection
network architecture has been
modified to allow two MEesSages to
be sent at the same time without any
alteration in the header
configuration and in the switchm_g
element logic design. This 1S
achieved with the duplication of the
first two stages of the network as
shown in Figure 6. The merge of the
two sub-network outputs can be
implemented very easily with simple
tri-state buffers because only one of
the ouputs in each pair to be merged
can be in use at any time instant.
This is ensured by the header
codification when more than a
single multicast message has to be
transmitted. When the first network

the header S bits must indicate that a symmelric routing : :
. tage is non- tric, :

mode is to be used at each network stage. However, if more o e E:c;y”;“m: ;.:ec'tilf;i:;acii;gir‘:;mtg;u:ds' !W_t:

: 3 2 ; headers, <

than one bit, but not all, is set in the directory entry, a B ic. In the first header) S(1)= 0 sndiin melagﬂ. nE

multicast message transmission will have to take place and, A
heref e the- £ ot header Bit has'to be sei 160, 1 allNCI S(1) = 1. The first header can lead messages to the
diveds . bi (1o 1. a broadcast message is to Ha destination ports 0 to 15 while the second one can reach the
irectory entry bits are set to 1, 5 ach the
iransmitted and the first six header bits have to be set to ports 16 to 31. When the multicast message requires the
000000 first two stages 0 bz non-sy;mrt:ctncti:i cflvlffarem headers are
: ; . q created and in each one of them the first two stages are
The header generation process for multicast messages IS defined os symmetsic. Therefore, each header will lead its

more complex because it needs to know the routing mode message through a di fferent pathin the!firsiye S

(symmetric or non-symmetric) at each network stage. In
addition, the header non-symmetric vector (N bits) has to
be defined. This vector can be 2, 4
or 8 bits long depending on whether
there are 1, 2 or 3 non-symmetric
stages, respectively. The header
non-symmetric  vector is only
analyzed by the non-symmetric
network stages during the message
transmission. To obtain this vector
it is firstly necessary (o visualize the
network paths along which the
multicast message will flow. Then,

the network symmetric stages are . 6 Interconriection Network with
Duplication of the First Ty Stages

stages and, therefore, two messages cannot reach the same

output port of the second network
stage when they are sent by the
duplicated stages at the same time,

V.  THE SWITCHING ELEMENT
DESIGN ik FE

The  Multiplus multistage
interconnection network Swit
clement [Bron96] consists of: ;
buffers at the input ports
temporarily store received / p
input  controllers which ...
rcsponsiblc for the Synchf““inﬁﬁn




and control of the remaining switching element modulest &
2x2 crossbar switch which establishes the connectiof
petween the inpul and oqtpul ports; arnd an arbiter wﬁl“h
controls the crossbar switch connections. The switchin®
-ment current implementation, hQWEVﬂT. can only mu_t‘? L
“'““Egc' to a single output. The main goal of this work is 10
m“"s“m this limitation by adding to the current syijiching
lement design, the logic modules which allow the GOchl
_c!m_._ng and modification of lhr; message header
i“fé srmation required for the transmission of multicast
.ssages. In addition, since the sending of multicast and
B fiesaes introduces the possibility of deadlock
gituations in wormhole multistage imcrcnnnwﬁﬂﬂ
networks, as pointed out by Varavithya and Mohapatta
Iv','?-m 99] and by Stunkel et al. [Stun 97, the switching

element new design also deals with this problem. A
" Deadlock situations in multicast and broacast Messsages

are avoided by ensuring that no communication of sﬂ&h

W is forwarded from one stage to the following one in the

.~ network without making sure that the input fifo buffer in

 the destination stage has enough free space to hold the
: lete message, which is always four 16-bit flit long.

e design of these logic modules requires the

finition of the procedures that should be imp]emcnt@ﬂ;f@

g and modifying the header within the
nection network switching elements. Each h r
presented in Table 1 suggests a specific set of

es for decoding and modifying the hcader. A
ar procedure associated with a header model isaset

=
.

5 a message with a particular configuration afﬂiitt
“model. These procedures can be applied by'{’iﬁ
ng clements regardless of the network stagﬂ
ey belong. Therefore, whenever a swi”’_‘_ﬁ"“'

receives a message, it must analyze the message

Peer-to-Peer Routing b "

SS) defines the message routing at each stage
fl:f ?is:-st é Therefore, al each stage, the swtch;fg :‘mnh
tests this bit and shifts to the left the femaining § bits 1
prepare the header for the next stage decoding. Ape
header modification which is common to all header e
is the insertion of one bit to identify the message
cluster. Every procedure inserts this bit at the end of the
header after shifting to the left the bits already i“mﬁdhy
the previous network stages.

Some procedures, however, modify the header gng
change its model as well. For instance, a message with the
multicast | header model (OTTTTTSSSSNN) may perform
its single non-symmetric routing at any network g
after that stage, the message transmission only Tequires
symmetric routing. Therefore, the message header cap be
modified by the procedure evoked at that stage and encoded
in the simpler peer-to-peer model. e

Since all procedures modify the header, it is possible i
say that each header performs a state transition when it goes
through a switching element. The large number of heade
states, however, does not imply that the switching elemen
logic to handle the header is more complex. The adopie
solution based on header models and their co i
procedures is appealing because it does not require th
switching element to know the network stage to which |
belongs to define the header modification procedure 1o b
adopted, since each header model requires the use of
limietd set of procedures regardless of the network stag
Consequently, the same not so complex logic design |

-applicable to all network switching elements. In additio

this design is greatly simplified because it depends on it
number of different procedures and not on the number
possible header states. For a better understanding of
header management procedures which are involved, Figu
7 describes the set of tasks that a switching element has:
perform when a particular header model is present in t
received message.

Procedure

IR g Routes the mes: ..j.,'ngj_tulhei"Shil. shifts left the S bits and ;
- : inserts aLend @ Deader a bit A, of the source cluster vector identification
#55. .« . . . . . .Ar [Sameasbefore, '12 s shifted left before A, is inserted
s e+ ......AA |Sameasbelore BUEA; and A, are shifted left before A, is inserted E
e e+ o« o o . AAsAg | Same as belOr&BUER, 1o A, are shifted left before Ay is inserted A
s '_.,. e s+ s . «AtA2A3As | Same as before, 10 A, are shified left before As is inserted
_ Broadcast Routing = 35 Procedure
ﬂ Routes the mes th outputs and
Bt cnr vt Linserts atend OREREIEREERS Bit A\ of the source cluster vector identification il
B . & = Ar | Same as hefm&?} : 15 shifted left before A, is inserted S Tis
. .. . . .AA; | Sameas beforoil Avand A, are shifted left before As is inserted =
.. . .. .AiAAs | Same as beforcibup 110 A; are shifted left before A, is inserted ey
s . . . s AjAZAZA4 | Samead befo '3@.5‘&5@“’ left before As is inserted dat—



Multicast 1 Routing

—

OTiT2T3T4T551525354NNz . . . .

IF 1" Thit=1
(sym.)
E 3
FI"Tbit=0 _ Routes the mess3 ey 0 bases ——
(nun-ﬂrmj ;NJIT#I M 3 . on N, and
Wm.‘ah@ \’«Ilngm the N
according 0 e Fecr-to.pe, SO,

el and

OT2TaTaTs 1525354 . NiN2 . . . As

; it Ay at the eng
inserts B Jeft befo; ﬂr:“tf*ﬁ_hcaier

0TaTaTsl 15354. . NiNz. . AiAz

0T4Ts111Ss. . . NiNz2. AiAcAs

0Ts1111. .. .NNAAAIA,

Same as before, but Ay lohgfﬂtf"l f —
T=0(only nonsymmetric g lcn) ———

Multicast 2 Routing

Same as before, but Ay 10 Ag areshifted lefibero, o . .
P!'G(‘edure

OTiTeTaTaTs515253MNN2N3Ng . . .

If1* Thit=1 Routes the MESSage according 15 the 17 § b,

(sym.) shifts left the T bits inserting 1" ip 1he 1agy s
shift left the S bits ang =
inserts bit Aj at the end of the header

If 1* T bit=0 Routes the message to port #0 if N, = | or N. = 1 and

(non-sym) to port#l if N3 =10rN,=1, :

 a header 1o each port reducing the N vector size,
according to the Multicast 1 model
inserts bil A, at the end of the header

OT2TaT4T51 5253 . NyN2NaNa . . Ay

Same as before, but A, is shifted left before A, is inserted

OTaTaTs1l 1S3. . NiNaNaNs . AtAz

Same as before, but A, and A are shifted left before A; is inserted

O0TsTs11 1. . .NiNaN3NsAiAzAz

T = 0 ( only non-symmetric stages are left)
Same as before, but A; to A, are shifted left before As is inserted

Multicast 3 Routing

Procedure

If 1¥ T bit = | Routes the message according to the 1% 8 bit,
(sym.) shifts left the T bits inserting *1" in the last position®,
shift left the S bits and
inserts bit Ay at the end of the S bits
0 TiT2TaT4T5S1S2N1N2N3NsNsNsNzNg | If 1% T bit =0 Routes the message to port #0 if Ny = 1 or Ny = lorNy=lorNg=1
(non-sym) and to port#l if Ns = 1 or Ng=10rN; =1 or Ng= 1

generates a header (o each port reducing the N vector size,
according to the Multicast 2 model

inserts bit A; at the E@_{_,mc_tgﬂer

0 T2TsT4Ts 1 S2A1N1N2NaNgNsNeN7Na

Same as before, but A is shifted left bﬁfﬂﬁ*‘j}lﬁl“_s-m—cd

0T3T4Ts1 1 AtAzN1NzNaNaNsNeN7Ne

T = 0 ( only non-symmetric stages =
ssbe i ‘-"5 D d of the header before A is inserted
the end of the P22 ——

Same as before, but copies the A bits to the en

Fig. 7 The Header Models and Corresponding Proced?™s

The insertion of bits equal to “1” in the “*” situations
indicated in Figure 7 ensure that the count of zeroes in the
T vector of bits (5 bits) is equivalent to the number of
remaining non-symmetric stages which determines the size
of the N vector of bits in the header. Without this
information, the behavior of each switching element would
depend on its position in the network.

VI. BEHAVIORAL SIMULATION

To validate the overall proposal for the implementation
of multicast communication from infon_natton stored as 1:711
vectors in the distributed directories, a behavioral

i C program that
S-S en performed using a
?:::lllagqn hiabzomlﬂew functionality of the proposed
cments

soll_ffnl-m by Fig g the simulation starts by considering
AS shown T

, tes all the possible combinations.
the function whlﬂhc;:::ﬁlc network ouput ports which will
o_f_h{;fupmors thi‘tHL e. Each combination is used by the
receive the messwgcwaw the message header that defines
ht'adm' generalof il be routed through the network. The
1_‘““'-:}'.“13- message uansmi“cd from the specified network
message is ;he:n"mssﬂge transmission involves the header
nput port, The




decodification and alteration at each switch in ordari
direct the message to the next stage.

When a message is received, the Network Interface
returns an  Acknowledgement message, whijc, e ael
through the network to the original message S0urce clustﬂl'-
When the Acknowledgement message is recognized at:-i'

network output port, the number of the cluster whjch sent
the message indicates the bit that should be enabled in the
sacknowledgement  bit  vector”. In the ¢ng  (he
acknowledgement bit vector must be identical 1o (he hit
vector which was previously used for the header generation.
This complete procedure has been repeated for all
ible bit vector configurations and correct resy)ys have
been produced in all cases, which validates the proposdl Skt

Meatwork

h
Send h
o

Ack’'s

S

element design has been descripeg

implemented with an Altera EPM7512p " Vi
puffers within the switching elemens ha“ﬂmhunm i
with six 16-bit inputs. The logic cell utijiza: ﬂtﬁu
the EPLD has been 82% and the maximym Tate wig;
network channel achieved has been argy nd 30 Der
Future work will focus on the redesign of ::M‘; :

network interface to include the required h{%
to the proposed cache coherence prg SUppor
generator circuit and on the °‘-’cral!|j p:;mls and the heade;
of the cache coherence protocols with elhtnmuadd; E;g.

On Mmessages,

hardware support to multicast invalidat
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