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Abstract We proposed a multicast algorithm that can perform multicast operation in minimum

number of worm initiation and minimizing the path length of the multi-destination packet to achieve

minimum multicast latency. The algorithm ensures deadlock freedom and achieves full adaptation for

both unicast and multicast message while deadiocks can he recovered in the escape channel. 2

deadlock buffers are used for a deadlock free path-based multicast in Disha concurrent. Multicast

latency is dominated by message startup latency. The proposed scheme need only 2 or less message

startup, which outperform any existing schemes.

1. Introduction

Performance of multicomputers and distributed

shared memory multiprocessors are critically
affected by the performance of the interconnection
network system. Most modern parallel processing
systems use wormhole switching due to their low
bandwidth.

Wormhole switching is particularly suitable for low

communication latency and high

dimensional networks because it has communication
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latencies relatively insensitive to the distance
between the source and destination node.
Unfortunately, wormhole switching is  very

susceptible to deadlock because the flow control
within the network may block the trailing flits, and
they remain in the network occupying flit buffers
along the established route. Several schemes have
been proposed to cope with this problem. Most of
them are based upon a strategy that provide
deadlock-free routing by restricting the routing
function so that worms cannot form a cyclic
waiting condition. Trends have been to loosen this
restriction and achieve more routing adaptation to
improve network performance[1-5].

Several parallel applications require one-to-many
communication which involves a group of inter—
Some parallel programming

communicating nodes.

languages provide efficient support for these kinds



REEER

o

of communication patterns for simplifying the
programming and enhancing code portability of
multicomputers. Collective communications defined
in the Message Passing Interface include broadcast,
multicast, gather, scatter, all-gather, barrier
synchronization, and global reduction. Among these,
multicast service which sends messages to multiple
arbitrary number of nodes is the most complex one
and other services can be benefited from efficient
implementation of multicast.

Approaches to implement multicasting can be
divided into two categories. One 1is tree-based
approach, the other is path-based approach. In
tree-based approach, the source-rooted tree is
formed and messages flow down the tree. In this
approach, each node in the network should be able
to replicate messages to send out one or more
copies through different output channels. These
multiple predecessors can introduce dependencies
and are susceptible to deadlock.
multicast(DSTM)

The disjoint spanning-iree

algorithm [4] provides  deadlock-free  multicast
routing that is fully compatible unicast. The
hardware  supported tree-based multicast in

wormhole-routed network[5] uses up-down routing
with a globally-agreed spanning tree to avoid
deadlock. Since up-down routing uses links in a
strictly monotonic order, circular waiting is
prevented and deadlock freedom is achieved for
unicast. The tree-based algorithm using up-down
routing produces a potential congestion problem,
especially at the tree links around the root. This
may cause a message to hold many channels for an
extended period of time thereby increasing channel
addition,

between concurrent multicast operations initiated by

contention. In contention may arise
different sources.

Alternatively, in path-based approach, the header of
each multicasting message consists of multiple
ordered list of destinations. When the header packet
reaches the first destination, the address of the
current node is removed off by the router and
messages are sent to the next address. While the flits

are forwarded to the next destination, they are also
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copied flit by flit to the message buffer to that node.
However, although they can send a message to
multiple destinations in single startup, path must be
selected -carefully because it can cause deadlock during
the path to the final destination even if it follows legal
path between all the inter-destination path.

and  Multi-path
routing function of a multidestination worm to

Dual-path scheme restricts
avoid this situation. Though this scheme improves
multicast performance over multiple unicast routing,
using different routing algorithm for multicast and
unicast complicates router design and should lead
to longer clock cycle. Furthermore, they are based
on the Hamiltonian path and by strictly restricting
routing function of a multidestination worm, overall
communication latency could be dominated by path
length and blocking time.

D.KPanda proposed Base-Routing Conformed
Path(BECP) model which supports multidestination
messages without introducing additional channel
dependencies with respect to the base routing
used for unicast routing(6]. In his

Leader scheme (HL)

operation can be achieved in (m+l) phase using

algorithm
Hierarchical multicast

[ log,lL,l+11 +m communication startups where

m 1s the number of grouping levels.

We can extend this model for those routing
algorithms which allow cyclic dependency between
channels are used

channels and some virtual

exclusively for the recovery or preventing of
deadlocks while allowing fully adaptive routing on
other channels, by letting the hierarchical grouping
be done based on the routing algorithm of the
escape channel. The routing algorithm in the escape
channel should not allow cyclic dependency
between channels so that a message drained to this
channel class is guaranteed to be consumed at the
final destination node. However, since a multicast
message drained to the escape channel is not
consumed at the intermediate destination, .there
should be some ordering for destinations of a
multi~destination packet so that next destination
can be reached at any node during the path to the

last destination through the escape channel.
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The transition from tree-based approach to
path-based approach is basically based on the fact
that multicast latency is dominated by message
startup latency. In current generation machines,
communication startup time(ts) is around 1.0-35
microseconds while propagation time per flit per
hop (tp) is in the range of 5.0-15.0 nanoseconds[6].
Thus, communication latency is dominated by ts.
approach is not

And  furthermore, tree-based

suitable for wormhole switching which is very
susceptible for deadlock as mentioned earlier. So,
one may be interested in obtaining reduced
communication latency primarily by delivering to as
many destinations as possible with a single packet
assuming path—based approach.

D.K. Panda’'s HL and Multiphase Greedy scheme
MG)

initiation

showed less average number of packet

compared to the U-mesh algorithm.
However, the worst—case scenario of these schemes
[ log z(k) 1

unicast message. This is because of the fact that

are still order of for e-cube routing of
depending on the base-routing algorithm, a new
those
destination that lie outside the path range that can

packet initlation may be needed for
be covered with a single packet. This effect is
more pronounced for smaller system size in which
number of participating nodes are less than 100[6].
In that case, the Dual-Path scheme (DP) which
always require only 2 packet initiations outperform
HL scheme. For bigger system size, HL or MG
latency than DP. DP

restricts routing function based on Hamiltonian path

schemes showed shorter
to avoid deadlock. Because of this strong restriction
of routing function, the packet path length of a
multi-destination worm should follow quickly grows
as the system size gets bigger. In this case, the
trip length can dominate the multicast latency
hence grouping of destinations and having more
profitable due to the

channel propagation time and channel contention

worm-initiation is large
time. This problem of elongated packet length of a
multi-destination worm should be minimized for full
benefit of the path-based scheme.

So, the first objective of this study is to: develop

a multicast algorithm that can perform multicast
operation in minimum number of worm initiation
and minimizing the path length of the multi~
destination packet to achieve multicast latency. Of
course, deadlock freedom of this algorithm also
should be ensured.

Secondly, we want to allow adaptation for
multi-destination packets so that any minimal paths
could be

used. By allowing adaptation channel contention

between two intermediate destinations

problem could be relieved compared to the strong
Hamiltonian-based schemes. There are proposed

schemes that are aimed to provide adaptation for

multi-destination  packets. Partially Adaptive
Minimal Multicast Routing (PM) scheme allows
partial adaptation based on turn model[7].

Label~Based Dual Path (LD) scheme can provide
non-minimal adaptive routing of a multi-destination
packet but also limited to partial adaptation[7]. So,
the second objective of this study is to develop an
multicast algorithm that can allow true—fully
adaptation of multi-destination packets. This is
multicast-zone  size

important because as the

becomes larger and load rate of the network

becomes higher, the portion of multicast latency
time could become

due to channel contention

dominant especially for longer packets like
multi-destination worm.
Finally,

different

it should be pointed out that using

hardware . for multicast and unicast
complicates router design and could lead to longer
clock cycle. Restricting routing function or slowing
router degrades unicast performance  which
represents most of the network traffic. It makes no
sense to sacrifice unicast performance for relatively
rare multicast performance. Some of the recent
deadlock recovery schemes claim improved unicast
performance by applying Duato’s theory[8,9]. So,
the third objective is to develop a multicast
algorithm that is completely compatible with high
performance unicast algorithm.

In this paper, we'd like to propose a routing
algorithm that can achieve the full adaptation for

both unicast and multicast while deadlocks can be
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recovered in the escape channel class. By splitting
destinations according to their geometrical desti-
nations only when it is expected to be profitable, it
could achieve reduced multicast latency. It provides
a comprehensive routing solution without requiring
excessive additional hardware complexity.

2. Proposed Multicast Scheme

This scheme corresponds to the Dishal89] con-
current unicast algorithm which uses a deadlock—
recovery mechanism. By using recovery strategy
instead of avoidance one based on the observation
that deadlocks are very rare given reasonable degree
of routing freedom, this routing algorithm shows the
most efficient and highest

performance using

minimal dedicated resources. The networks are
composed of two virtual channel classes. One is full
adaptive channel (FC) and the other is escape
(EC). Deadlock

although cyclic waiting condition can be formed by

channel freedom 1is guaranteed
allowing full adaptation in the FC, because it can be
resolved by breaking one of the deadlocked packet
to be drained in EC. The routing function in the EC
should be restricted to ensure that there should be
no deadlock. EC is constructed according to the
Hamiltonian path. Shortcuts are allowed in the EC.
If a packet is detected to be deadlocked, one of the
associated packet is drained into the EC and follow
those path provided by this Hamiltonian path until it
is consumed at the last destination.

Different from the original Disha concurrent, 2
deadlock buffers are essential for a deadlock free
path-based multicast. If there is only one deadlock
buffer, indirect multicast channel dependency could
create cyclic dependency in its extended multicast
channel dependency graph. Deadlock freedom of the
proposed scheme will be given later. The routing
algorithm in a deadlock buffer(Raw) is the Hamil-
tonian path constructed in opposite direction to the
Hamiltonian path of the other deadlock buffer(Raw).

Given the deadlock—free routing algorithm for
unicasting, multicasting routing is done as follows.
First,

defines the Multicasting Zone which includes all the

the source node of a multicasting first
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destination nodes of the multicasting. ((1)! Zone

Defining)

Algorithm 1: Zone Defining
Input: Destination set DS[(dix, diy)]
Output: The coordinates of the upper and lower

corner of the multicast zone (1x,1y), (ux, uy)
Procedure:
begin

Lermin{DS[dil}, 1y = mindDS[dy]}

wx=max{DS[dx]}, 1y = max{(DS[dyl}

end

Then, the multicasting zone is divided into groups
according to their geometrical location to reduce
of the multi-destination packet and
traffic.  ((2)

grouping destinations according to their geometrical

path length

distribute network Grouping) By
distribution, destination splitting algorithm becomes

simpler and faster since there is no need to
incorporate the base-routing algorithm in splitting
destinations compared to other multicast algorithms.
‘While grouping the destinations, we can determi11e
the optimal group size considering system para—
meters such as network size, channel propagation
time, message startup latency, and router delay.
This is possible because the grouping based on
geometrical location and because of the fact that
any destination group can be covered with a single
multi-destination packet. When the multicast zone
size is so large that more fine groﬁping is profitable,
the decision is made at this time. ‘

This grouping profitability test is the major
difference and advantage of this multicast scheme
and grouping is done to the optimal number of
groups only when it is expected to be profitable.
However, grouping profitability test is not simple
because of the dynamic nature of network trafﬁc.
Probabilistic or empirical approach is needed to
incorporate all the effect of arbitrarily distributed
portion of multicast

multicast destinations and

latency due to channel contention and possible

deadlocks. Basically, it should compare the

multicast latency between before grouping and after
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grouping to number of groups. Once the grouping
profitability is determined as a function of multicast
zone size based on given system parameters
including network load rate, the source node can
quickly decide whether to go grouping or not and
to how many number of groups. This group size

optimization should be the next step of this study.

Algorithm 2: Grouping

Input: Destination set DS[(di, dy)]
multicast zone (1x,1y), (uxuy)

Output: Divided destination set. Q1, Qz, ***, Qm

Procedure:

1=i=k,

begin
w=(ux—1x); h:(ufly)
m=optimal number of destination group
Add each destination into the group list
Qm to which it belongs.

end

Next, the leader node at each group which is

nearest to the source node among its group
members is selected. ((3) Leader Selection) Those
leaders will be the destinations of the first Phase
multi-destination worm. And then, those leaders
will be sorted according the node label of the
of Ranz

packet

Hamiltonian path and put into the
header. ((4)

Encapsulation) By ordering destinations like this,

multi—destination Header
the multi-destination worm is guaranteed to find a
path to the final destination even if it is caught in
a cyclic waiting situation on FC.

Algorithm3: Leader Selection
Input: Divided destination set Qm, Source node
(Sx, Sy) ,
Output: Leader node of each group Lm,
Procedure:
begin
1 Calculate the distance between a node in
a group and the source node.
2. Sort them using the distance as the
key.
3. Select the node nearest to the source
node as a Leader of that group.
end

Algorithm 4: Header Encapsulation

Input: Destination set Lm[(Li, Ly)], source node
(sx, Sy).

Output: Ordered list of destinations, H, placed in
the message header.

Procedure:

hegin
Sort the destinations in increasing order
using their labels in Raw as key.; call
the sorted list S.
Append S to H.
Place H in the message header.

end

Now, the source node can send the multi-
destination worm to those leaders consuming 1
startup latency. As mentioned above, at inter—
mediate destination the router strips off its address
from the header and forward it to the next
destination while copying the message flit by flit to
the message buffer. At non-destination intermediate
nodes, the multi-destination worm is treated exactly
the same as the unicast message. The router does
not even need to know whether the packet is
uni—destination or multi-destination message. It can
take all the minimal paths while touted to the
intermediate destination like a unicast message. But
once it is determined to be drained into the EC, it is
forwarded to either DB1 or DB2 hased on the node
label of next destination in its header and it follows
the base-routing algorithm of the EC all the way to

the final destination. ((5) Message routing)

Algorithm5:Message Routing for multicasting
Input: A message with ordered destination list H
[{dk}], a local address u(x, y)
Procedure:
begin
1. If u=d;, then H=H-{di} and the message is
copied to the local host ; otherwise, H=H.
2. If H'=®, terminate the message for-
warding(the last destination).
3. The message is forwarded to the first
destination in the header d(xq,ya) like a
unicast message with its destination d
(Xd, y:l).
end
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An illustration of this algorithm 'till to this step

is depicted on Fig. 1.

8/
ad g
©
B o Mulicast Zone
4 W Souce Node
—® | & Loader Nodes
3 @ Desiinabion Modes

Fig. 1 An Example of proposed algorithm after

phase 1

Now every leader node of each group has the
message and ready to multicast to its member
nodes. At phase 2, each leader node encapsulates
for the second multi-destination worm using the
algorithm 4 for those nodes belonging to that group
and route those messages using algorithm 5
concurrently. The routing at phase 2 is illustrated

in Fig.2.

" 1 Mutcast Zone

W Source Node

__. ‘-—— ¥ ' Leader Nodes

® Destination Nodes

Fig. 2 An example of proposed algorithm after
phase 2

3. Deadlock-freedom

of the proposed
scheme ‘

According to J. Duato[3], a compatible pair (SS,
R) for an interconnection network I, where SS is
split and sort function and R is connected and
adaptive routing function, is deadlock-free if there
exists a subset of channels Cl<C that defines a
connected routing subfunction R1 and the pair (SS,
R1) has no cycles in its extended multicast channel
dependency graph Dgm. In the proposed algorithm,
channels are divided into 2 classes. On one of the
channel classes, minimal fully adaptive routing is
allowed. On the other channel class, which is
of 2
restricted  to

composed deadlock buffers, routing Iis

follow the opposite direction
Hamiltonian paths respectively including shortcuts.
This routing scheme is deadlock free for unicast as
shown inf4] for one deadlock bhuffer. It can be
easily extended for 2 deadlock buffers since there
is no dependency from the channels form DB2 to
DBI1.

In this scheme, destinations for multicast are split
according to their geometrical location and sorted
using the node label of DB2 as the key. (SS, R1)
is compatible since for all the source nodes and for
every valid destination set Q, when a message
set Q s
destination subset containing the destinations which

destined for the being routed, the
have not been reached yet is a valid destination set
for the node that contains the message header.
Suppose we have a destination set Q[{dw, diy)], 1=
i<k, sorted according to the node label of DB2. If
deadlock visiting

occurs at node e during

intermediate destinations, the destination set which
has not been visited yet can be divided into 2
subsets.

One is Q1 which has lower node labels than the
node e and the other is Q2 which has higher node
labels than the node e. Those destinations of Q2
can be reached sequentially using DB2 after
reaching those destinations of Q1 through DBl
since they are sorted according to the node label of

DB2. This means whenever the multi-destination
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packet caught in a deadlock during the path to the
intermediate destinations it can find a way to the
final destination covering all the intermediate
destinations in the deadlock free lane. A recovery

from possible deadlock is illustrated in Fig. 3.

@ Source

’ Destination

Fig. 3 Recovery from possible deadlock

The routing function of deadlock free lane Rl=
Rani+Rapz is obviously connected. Any node can be
reached from any node using this deadlock free
lane only. Furthermore, it has no cycles in its
extended multicast channel dependency graph Dem
since there is no dependency from DBl to edge
buffers and from DB2 to DBl and R uses
deadlock buffer in monotonic order.

Multi-destination packets can form a channel
dependency that is not present in the unicast since
the packet is routed again after reaching an
intermediate destination. If there is only one
deadlock buffer, this indirect multicast dependency
can form cycles in its extended channel dependency
graph. This situation is illustrated in Fig. 4.
those

In the case of one deadlock buffer,

channels 'shown in Fig. 4 are needed to make the
R1 comnected. Suppose a multi-destination packet is
initiated from source node 10 to destinations 1 and
4. After reaching the first destination through Cios,
Csz, Co1, the multi-destination packet can be routed
to next destination 4 using Cis, Css, Css. However,
while it is holding Cig, it could be determined to be
deadlocked and follow the path Csi1 and Ciz, Ca3,
Css in the deadlock free lane.

The reason this path is chosen is to route in
Hamitonian path. So, there could be a indirect
dependency from Csz to Cgi. Likewise, if the source
node is 9, there can be a indirect dependency from
Cet to Csg forming a cyclic dependency. In this
case, before reaching the lower label node than the
next destination and drained into the deadlock
buffer, it can be caught in a deadlock again. If
there is 2 deadlock buffers, Csz in the first case
belongs to the FC class and there is no cyclic
channel

dependency in the extended multicast

dependency graph of R1.

§°" " —- @ .Source node
f | I m Destinalion
v
L
¥ M [-C channel from nodle 10
5 4I 4= == DB channel from node 10
4 = = a FC channel from node 8
4 -~ — DB channel from node 9
10 11
15 14 13 12

Fig. 4 Cyclic dependency in extended multicast
channel dependency graph in the case of
one deadlock buffer

4. Comparison with other schemes

4.1 Splitting and sorting complexity

Splitting and sorting of destination is inevitable
in path-based multicast to guarantee deadlock
freedom. Either the routing function of the
multi-destination packet or split-and-sort function
need to be precisely defined to avoid cyclic

dependencies in its extended channel dependency



B

(v}
d A8

&

e

fifot

el A

graph. DP limits the routing function of a packet to

strictly follow the Hamiltonian paths to ensure

deadlock freedom. HL and MG limits the
split-and-sort  function such that the path of a
multi-destination packet conforms to the base

routing algorithm so it does not create other
dependencies than that of unicast messages (BRCP
Since we want to restrict the routing

BRCP

model).

function as minimal as possible, model
seems to be the right approach.

Split function and sort function corresponds to
algorithm 2 and 4 respectively in this scheme. In
BRCP model, when splitting destinations, the base
routing algorithm such as Hamiltonian path or
e-cube routing algorithm should be incorporated to
find the destinations that fall into the trajectory of
a single packet. In the proposed scheme, there is
no need to incorporate the base routing algorithm
when grouping destinations. Instead, the number of
of

multicast zone size and they are grouped according

optimal groups is calculated as a function
to their geometrical distribution. This can be done
much faster once it is predetermined given the
system parameters such as router delay, channel
propagation time, startup latency, and network load
rate, etc. The complexity of sorting function is the
same as the BRCP model and it is inevitable to
guarantee deadlock freedom. »

This grouping flexibility stems from using the
recovery-based strategy in that it renders‘ dead-
locks to occur and provide a way the deadlocked
packets can be drained to the DB to the rest of
destinations. Grouping flexibility is like another
knob to fine tune the multicast performance. We
can just not force grouping if it is expected not to
be profitable such as the case of multicasting in
which number of participating nodes is less than
100. And we can consider hierarchical grouping
based on geometrical proximity for far bigger
multicast zones to further reduce channel occupa-
tion by the multi-destination packet.

4.2 Comparison of multicast latency

Table 1 shows the average startups of HL and

MG schemes for ecube grouping for randomly
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Table 1 Average number of startups for HL scheme

for ecube grouping in 32X32 mesh

No of Dests| 64 192|320 448|576 | 704 | 7681 1024
HL 716|6|5|5|5]4] 3
MG |3.95/3.00(3.25(3.78(3.95/|3.90/3.90| 2.90

generated destination sets in a 32X32 mesh[G]\. It
can be notified that more than 3 startups ‘are
needed to perform multicast for destination set size
up to 1000. However, in the proposed scheme, only
2 or less packet startup is needed. Though more
number of startups may be needed if Ilierarcllical
grouping is profitable as the destination set size
grows, the proposed scheme require less number of
startups in most of the reasonable destination set
sizes. This is especially true for smaller destination
set sizes. In  Fig. 5, HL and proposed‘ scheme is
contrasted to compare number of startups necessary

HL

proposed

to perform the same multicast operation.

schermne requires 4 startups whereas

startups.
to

scheme requires 2 Although precise

simulation is needed compare the actual

multicast latency, providing that startup latency
dominates to a certain destination set size, the
proposed scheme is expected to perform better than
the HL scheme. It should be reminded that in the

proposed scheme, group size can be adjusted

without increasing the number of startups. In

addition, fully adaptive routing is allowed in FC

. 4

Ote
O Destination

| Source

(a) ()

Fig. 5 Comparison of 2 multicast algorithm (a) HL
using ecube dimensional order grouping and

(b) proposed scheme
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between destinations and Hamiltonian paths of DBs
Fig. 5 Comparison of 2 multicast algorithm (a) HL
using ecube dimensional order grouping and (b)
proposed scheme are followed only in rare case of
deadlock. So, the problem of elongated path length
that existed in DP scheme is reduced to minimal in

the proposed scheme.

5. Conclusion

Based on deadlock recovery strategy, an efficient
multicast algorithm is proposed. The proposed
multicast scheme can perform multicast operation in
a minimum number of packet startups and
minimizing the path length of the multi-destination
packet to achieve reduced multicast latency. The
most unique feature of the proposed multicast
scheme is grouping flexibility. Destination grouping
can be done to the optimal group size considering
the system parameters such as destination set size,
channel propagation time, message startup latency,
and router delay. It allows minimal full adaptation
during inter—destination routing, The same routing
function is multi-destination packet as the unicast
packet. Deadlock freedom of the proposed scheme is
discussed. Two deadlock buffers are required for
deadlock free multicasting in Disha concurrent. The
proposed scheme could easily be extended to higher
dimensional networks having HHamiltonian path.
Future research is to simulate exact multicast
latency of the proposed algorithm wusing the
simulator, Flitsim which Dr. Pinkston’'s SMART
group has updated.
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