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Abstract: We present a new concept of communication vectorization, as a replacement to the
scalar-variable approach in a shared-memory multiprocessor. A high-level communication model
is developed for multicomputer programs. This model encapsulates all possible communication
patterns such as one-to-one, one-to-all, many-to-many, and all-to-all including broadcast or per-
sonalized multicast options. A mapping methodology is presented to convert send and receive
message-passing operations into equivalent memory write and read access steps. Multiprocessors
with interleaved shared-memory organization can implement these memory access steps as vec-
tor operations. Similar to vectorizing computational steps, our method vectorizes message-passing
communication steps, which leads to significant reduction in overhead. Three different multiproces-
sor configurations, single bus-based, crossbar-connected, and orthogonally-connected, are evaluated
with respect to their capabilities to support message vectors in a shared memory. Using this com-
munication vectorization, m-node hypercube and torus are mapped onto an n-processor orthogonal
multiprocessor, where m > n. The mapping results in O(logm) and O(y/m) reduction in commu-
nication cost for hypercube and torus, respectively. The results are useful in converting programs
written for multicomputers into multiprocessor programs using the shared memory.
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1. Introduction

It is well known that a multicomputer program can be executed on a shared-memory
system by some mapping methodology, where computing nodes of a multicomputer are
mapped to processors of the shared-memory system and message-passing operations are
carried out by using memory-based mailboxes [22]. However, no work has been done in
investigating the effect of architecture parameters of a shared-memory system like inter-
connection network, memory access times, data contention, etc. on the efficiency of such a
mapping [2, 5]. Another challenge is whether this mailbox type of scalar communication is

the best possible solution to the mapping problem at hand.

The crust of the mapping problem depends on efficient conversion of send and receive
operations in a multicomputer program to appropriate store and load memory operations
on a shared-memory system. The mailbox type of scalar communication provides a direct
mapping between these two sets of operations. This methodology works well for multicom-
puter programs involving only permutation type of communication. However, most parallel
algorithms in scientific and numerical applications involve broadcast, multicast, and person-
alized multicast operations [6, 11, 13, 15]. Several routing schemes have been proposed in the
literature [4, 14] for efficient implementation of these communication-intensive operations on
various multicomputers. The scalar communication, due to network and memory-access con-
flicts [17], limits the efficiency of mapping broadcast and multicast communication patterns

onto a shared-memory system.

Many shared-memory systems with interleaved memory provide vector-oriented mem-
ory accesses, and support vector/matrix data structures at the hardware level. The inter-
leaved memory organization with a smart on-the-fly indez manipulator [19] have been demon-
strated supporting fast data manipulation [20]. The orthogonal multiprocessor [9] with its
two-dimensional interleaved memory organization demonstrates capabilities for mapping a

large class of multicomputer programs.

In this paper, we take this vector-oriented approach to developing a general framework
for mapping message-passing operations of any multicomputer program, irrespective of its
underlying architecture, onto various shared-memory multiprocessor systems. We develop
a program-level communication model for multicomputers. We define a set of primitive

communication patterns in a multicomputer environment. The communication steps of a
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Figure 1: Logical architecture of an n-node multicomputer with an arbitrary message-passing
network.

multicomputer program can be reduced using a combination of these primitive patterns. A
transformation methodology is provided to convert primitive patterns into message vectors,
Using a sample program, we illustrate communication vectorization for three different shared-
memory multiprocessor organizations. Finally, we illustrate the mappings of hypercube
and torus multicomputer programs into multiprocessors. The efficiency of communication
vectorization is determined by analyzing reductions in communication overhead, associated

with emulating communication patterns as message vectors.

2. A Communication Model for Multicomputer Programs

Consider a multicomputer system A consisting of a set of m computer modules and a
set of communication links. Each computing node is equipped with its own processing unit,
local memory, and hardware for message communication over the message-passing network
[1, 7]. Figure 1 shows an arbitrary message-passing network between the nodes of a m-node
multicomputer. This network determine the architecture of multicomputer, i.e. hypercube,

mesh, torus, and tree, etc.

We consider a partitioned multicomputer program [16, 22] for our mapping purpose.
The procedures in the program are assumed to communicate using send and receive commu-
nication constructs. The procedures are assumed to be statically allocated to multicomputer
nodes without any dynamic load balancing. We assume the message passing scheme to be
unblocked send and blocked receive [10]. In this scheme, the sender process continues pro-
cessing immediately on dispatching the message and the receiver process waits for the data

to be arrived. The program is also assumed to be deadlock free so that no two processors at



any instant of time wait for messages from each other.

We consider mapping a m-node multicomputer program onto an n-processor shared-
memory system, where m > n. Though our methodology works for any value of m, our
illustrations and examples are based on m = 4 for easy understanding. Figure 2 shows a
sample procedure-level program for a 4-node multicomputer. In each procedure, computation
and communication steps alternate. With exchange of messages (through appropriate send

and receive constructs), the procedures get synchronized and the program execution proceeds
in a wave like manner.

The communication steps in Fig. 2 demonstrate different communication patterns.
For an example, the first step is an one-to-one (personalized) message exchange between
nodes NO and N1. The second step is a many-to-many (personalized) message exchange
between two sets of nodes, (N1,N2) and (N3,N0). In the third communication step, node
NO broadcasts a message to rest of the nodes. Node N0 receives personalized messages from
all other nodes in the fourth communication step. The last step combines two operations:
a multicast (broadcasting a message to selected others) operation to nodes N1 and N2 from

N3 and a many-to-one operation from nodes N1 and N2 to NO.

Depending on the source and destination node sets and the type of communication,
l.e. broadcast or multicast, we can categorize the communication steps of a multicomputer
program into various patterns. Table 1 lists all possible communication patterns together
with their characteristics identifiers, C1-C12. Use the notation (Nx,Ny) to represent a single
message transmission from node Nx to node Ny and ((Nx1,Nyl), (Nx2,Ny2)) to represent
transmission of multiple messages from a set of source nodes, Nx1 and Nx2, to a set of
destination nodes, Nyl and Ny2. The communication steps in a multicomputer program
can now be represented as a sequence of communication operations. For an example, the

multicomputer program in Fig. 2 is represented by following program-level communication

operations:
Step 1: C1(N1,N0)
Step 2: C2((N1,N2),(N3,N0))
Step 3: C3((NO,N1),(NO0,N2),(NO,N3))
Step 4: C4((NO,N1), (N0, N2),(NO,N3))
Step 5: C10((N1,N0),(N2,N0)),C8((N3,N1),(N3,N2))

It can be seen that some communication patterns are subsets of others. For an

example, many-to-many pattern can be expressed as a subset of all-to-all with selective de-

4



NO N1 N2 N3
computation computation computation computation
| Send(msgN1)  Recv(msg,NO) | . :
computation computation ) '
RCCV(mSg,N3) ~ Send(msg,N2) Recv(msg,N1) Send(msg,N0)
computation computation computation computation
Send(msgaall)  Recv(msgNO)  Reev(msgNO) Reev(msgN0)
computation computation computation computation
Send(msgI,N1)|  Recv(msgNO) Recv(msg,N0) Recv(msg,NO)
Send(msg2,N2) : . :
Send(msg3,N3) o N L
e computation computation computation
computation . .

: | Send(msg,NO)  Send(msg,NO)  Send(msg,N1,N2)
Rccv(msgl,Nl) : Recv(msg,N3) -I-Z-RGC‘{(mSg,Nfﬁ) :
Recv(msg2,N2)| . . .

" computation computation computation

computation ; . .

- communication steps

Figure 2: Procedure-level communication steps in a sample program for a 4-node multicom-
puter (NO-N3: computing nodes).



Table 1: Possible Multicomputer Communication Patterns (m=total number of nodes, sr=
number of sources, ds= number of destinations, 1 < sr,ds < m — 1).

Identifier | Communication | Type No. of | No. of | No. of Total Degree

pattern source | destn | distinct | no. of of
nodes | nodes | messages | messages | replication

C1 one-to-one personalized | 1 1 1 1 1

C2 permutation personalized | m m m m 1

C3 one-to-all broadcast 1 m-1 1 m-1 m-1

C4 personalized | 1 m-1 m-1 m-1 1

C5 all-to-one personalized | m-1 1 m-1 m-1 1

C6 all-to-all broadcast m m-1 m m(m-1) |[m-1

C7 personalized | m m-1 m(m-1) | m(m-1) |1

C8 one-to-many broadcast 1 ds 1 ds ds

C9 personalized | 1 ds ds ds 1

C10 many-to-one personalized | sr 1 ST ST 1

Cl11 many-to-many | broadcast ST ds ST sr.ds ds

C12 personalized | sr ds sr.ds sr.ds 1

activation of few nodes. Thus, it is important to identify a set of patterns which are mutually
independent and can be used for representing all other patterns. It is obvious that all com-
munication patterns can be represented as multiple steps of one-to-one operation. But, we
look for a maximal set and denote it as a minimal Communication Set (CS). The communi-
cation patterns C1-C7 satisfy membership property of the set CS and are defined as basic
communication patterns. Thus, our program-level communication model of a multicomputer

program is identified by the following set:
CS ={C1,C2,C3,C4,C5,C6,CT}

where C1 to C7 are communication patterns characterized in Table 1. All other communi-

cation patterns, C8-C12, can be expressed in terms of these basic patterns.

Each of these basic patterns, independent of the underlying multicomputer architec-
ture, can be represented as a Communication Graph (CG). Figure 3 shows the communication
graphs CG1-CG7. These graphs are unidirectional in nature and represent message passing
from a set of source nodes to a set of destination nodes. An appropriate number of switch
boxes are used to provide required message transfers. The indegree and outdegree of each

switch box is one. The number of switch boxes used in CGi are equal to total number of
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Figure 3: Architecture independent Communication Graphs (CGs) for basic communication
patterns.

messages involved in communication pattern Ci, 1 < ¢ < 7. These communication graphs

also demonstrate broadcast or personalized type of message communication.

3. Vectorized Access of Shared Memory

In this section three different multiprocessor configurations using interleaved shared-
memories are characterized. Both scalar and vector type of memory accesses are discussed
with appropriate cost overheads. A data manipulator to carry out efficient vectorized mem-

ory access is emphasized.

3.1 Three Interleaved Memory Organizations

Figure 4 illustrates three shared-memory configurations: single bus-based, crossbar-



connected, and orthogonally-connected. All these configurations use interleaved memo-
ries. Consider an n processor system with n memory modules as shown in Fig. 4(a).
The n memory modules, M, Mi,...,M,_;, are connected to a single bus, By. The n
processors, Fo, P1,...,P,_1, are connected to the bus through n identical bus controllers,
BCo,BCy,...,BCy_1. A bus controller supports interleaved-read and write accesses to n
memory modules attached to the bus. Memories are n-way interleaved based on low order
S-access scheme. Each processor also has scalar access capability to any of the memory
modules. The system provides fully shared-memory capability. An optional interprocessor

interrupt bus is used to enable fast synchronization among the processors.

Figure 4(b) represents an n processor system with n? memory modules, My, Mo 1, ...,
M, _1n-1. These memory modules are connected to n different buses, B,, By, ..., Bn_;. The
n processors, Fo, Py,..., P,_1, are connected to the n buses through a system interconnect.
Without any loss of generality, we assume a crossbar-connected interconnect for our analysis.

This configuration also provides fully shared-memory capability.

Figure 4(c) shows an orthogonally-connected multiprocessor configuration with n pro-
cessors, and 2n buses. This architecture concept was originally reported in [9]. A design
implementation of this orthogonal multiprocessor was reported in [8]. A group of n row
buses, BBy, RBi,...,RB,_;, are directly connected to the processors in the horizontal di-
mension. The remaining n column buses, C By, CBy,...,C B,-, are distributed across the
two-dimensional memory organization in an orthogonal way. Consider indices in the range
0<1i,5,k £n—1. A memory module M;; is connected to two buses, RB; and C'B;. Both
RB; and CB; are controlled by the same bus controller BC;. Both row and column buses
support interleaved access to the respective n memory modules connected to them. This
configuration allows a memory module M; ; to be shared between two processors P; and F;.
But, only one of the two processors can access the memory module at a given time. This

access scheme makes the multiprocessor a partially shared-memory system.

The bus controllers in all three multiprocessor configurations are assumed to support
both scalar and vector accesses. Consider a conflict-free scalar memory access by a processor
P; to an interleaved memory module. As shown in Fig. 5(a), there is a fixed time o to
initiate this memory access. This time includes time to activate the bus controller, the bus
controller putting required address on the bus, address propagation delay on the bus, and
memory access time. For a read operation, data element from the memory module is read

out of the bus with a cycle time of 7. Similarly for a write operation, the data is written to
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Figure 4: Three shared-memory multiprocessor configurations using interleaved memory
organizations: (a) Single bus-based multiprocessor, (b) Crossbar-connected multiprocessor,
and (c) Orthogonally-connected multiprocessor(P;: Processor, M; or M;;: Memory module,
B;: Access Bus, BC;: Bus Controller).
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Figure 5: Different protocols for implementing scalar and vector memory access operations.

the bus with a cycle time of 7. Thus, a single scalar memory access takes (o + 7) time.

Consider an interleaved-read/write operation as shown in Fig. 5(b). For a read oper-
ation, data elements from the memory modules are streamed out of the bus in every minor
cycle with a pipelined cycle time of 7. Similarly for a write operation, data elements are
streamed in via the bus first and then a parallel-write operation is activated. This parallel-
write operation time is included in @ as the memory access time. Thus, the overall time to

perform a single interleaved-operation is (a + nr).

Figure 5 (c) shows the protocol for a block-interleaved-read operation. In this protocol,
a block of vectors are written to consecutive words of the memory modules in consecutive
interleaved cycles. We assume an overhead of § to increment subsequent addresses of the
memory modules. For a block with [ vectors, this block read/write operation takes (a4 3(1—
1) +n7l) time. Using the current bus technology, one can have 7 = 50 nsec, a = 800 — 1000
nsec and £ = 100 nsec for n < 32.

Consider this block-interleaved memory access operation for implementing message-
passing through shared memory. A block-interleaved-write operation followed by a block-
interleaved-read operation allows messages to be exchanged between two sets of processors.

We define such a protocol as an Interleaved- Write-followed by-interleaved-Read (IWR) step.
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The degree of memory interleaving during these interleaved cycles can be up to d memory
modules, where d < n. This allows vector load/store operations to be d bytes long. An
IWR step needs a bus switching with additional overhead of 4 = 400 — 500 nsec between
two interleaved cycles. Assume 8 = §7. Let T'(d,!) represents the time overhead (cost) for a
single IWR cycle neglecting the synchronization overhead 4. Assuming (a — ) being a fized
cost t, we have

IW R access time, T(d,l) =2(a+ B(I—1)+drl) =2(t + (d + §)71) (1)

3.2 Vector Memory Access Using Data Manipulator

Consider pipelined data transfer operations during an interleaved-read access. The
n elements are loaded from n memory modules to a set of n data buffers associated with
the processor. Similarly, during a store operation, the data elements are read from different
buffers and written to the memory modules. Let e, 0 < e < n — 1, be the indices of these
buffers. Consider any permutation or mapping (p) on the index set £ = {0,1,..., n — 1}

with these indices.

As the data elements are transmitted (or received) to (or from) the interleaved bus
in a pipelined manner, the source (or destination) buffers can be selected based on p. We
define p as an indez set and the operation of selecting appropriate buffer during a load/store
operation as indering. We provide a novel index manipulator hardware [20], where index
sets are generated off-line during compile time as specified by the programmer and stored
in fast indez memories local to the processors. During each memory access, a desired index

set is selected from the index memory to implement required buffer manipulation.

Figure 6(a) shows the functional organization of an example index manipulation logic.
The interleaved bus is assumed to have 3 memory modules. The processor has 3 data buffers.
Figure 6(b) shows the data buffer manipulation scheme during an interleaved-read operation
with an index set {0,2,1}. As the data elements are read from the pipelined bus in sequence,

they are written into the buffers 0,2, and 1 respectively.

Similarly, during an interleaved write operation with an index set {1,1,2}, the ele-
ments are read from the buffers 1,1, and 2 respectively and written to the memory modules
as shown in Fig. 5(c). This feature provides a versatile mechanism for on-the-fly message

replication and provides uniform overhead for implementing memory-based broadcast and
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Figure 6: Functional organization and operating principle of an example data buffer manip-
ulator with 3 memory modules on an interleaved bus.

multicast operations. The usage and usefulness of this feature is emphasized in the following

section.

4. Mapping of Communication Patterns

In this section, we demonstrate how message passing operations in a multicomputer
can be implemented through vectorized shared-memory accesses. We transform the com-
munication graphs presented in Section 2 to independent, send and receive, memory-based
communication graphs. We determine potential capability of implementing these memory-
based communication graphs as a single vectorized step in a given multiprocessor. A formal
methodology is presented for mapping communication operations onto three shared-memory

multiprocessor configurations.

Consider the communication graphs CG1-CG7 in Fig. 3. Each switching box associ-
ated with message transmission can be replaced by a shared-memory location. The sender
processor writes the message to this memory location and the receiver processor reads it
back. These two operations take two time steps of ¢, duration each. For single bus-based

system, memory module M; is used for passing messages from P; to P;, 1 <1i,7 < n.
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Figure 7: Transformation of communication graphs (CG) to memory-based communication

graphs (MCG).

For the other two architectures, memory module M; ; is used for the same purpose.
These two send and recetve operations can be represented graphically as Memory-based Com-
munication Graphs (MCGs). For a given communication pattern, we transform its CG to
MCG. For each basic communication pattern, Ci, in the communication set CS, we repre-
sent its equivalent scalar memory-based communication as M C Giseng and M CGiyeeyp graphs,

where 1 < ¢ < 7. Figure 7 illustrates the graphs for communication patterns C1 and C5.

4.1 Vectorized Communication via Shared Memory

In section 3.1, we discussed about interleaved (vector) read/write accesses in shared-
memory configurations. An on-the-fly data manipulator was also presented in section 3.2.
Here we show the potential of this data manipulator to support vectorized memory-based
communications. Consider the memory-based communication graph M CG3;.., as shown in
Fig. 7. If all memory modules are connected to a single bus, the destination processor can
perform an interleaved read operation to all memory modules and receive message from all

others.

In the absence of vectorized memory access, this step is performed by many (3 for
this example) scalar memory accesses. Thus, vectorized memory access provides efficiency

in implementing communication-intensive patterns (C3-C7) on shared-memory multiproces-

13
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Figure 8: Different functionality of vectorized memory access with on-the-fly data manip-
ulator and the potential for implementing equivalent memory-based communication graphs
(MCGs) in single vectorized memory access step.

sors. Figure 8 shows five different functionality of vectorized memory access with the data
manipulator hardware. Functional equivalent memory-based communication graphs are also
shown. Each of these functional equivalent communication operations, corresponding to
these graphs, demonstrate potential for being implemented in a single vectorized memory

access step.

Whether a given communication pattern can be vectorized or not on a multiprocessor
depends on the interleaved memory organization and the processor-memory interconnection
network of the multiprocessor. We denote this vectorization capability as vectorizability. For
a given multiprocessor architecture, this vectorizability can be determined as follows: First,
we generate a structural connectivity graph for a multiprocessor representing its connectivity
between processors, buses, and memory modules. In the second step, all possible opera-
tional subgraphs of this structural connectivity graph, satisfying the hardware operational
constraints for vector memory access, are generated. Finally, the memory-based communi-
cation graph corresponding to a communication pattern is checked against all operational
subgraphs for a match. In case of a match, the associated communication step demonstrates
potential for vectorization. Otherwise, this step is implemented as scalar memory commu-
nication. In the following section, we analyze vectorizability for primitive communication
patterns for three multiprocessor configurations. A detailed graph-theoretic approach to

this vectorizability scheme for general multiprocessor organizations is under preparation as
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a follow-up paper.

4.2 The Mapping Methodology

Consider an n-processor target shared-memory multiprocessor X. An n-node multi-
computer program is mapped to X by an one-to-one mapping of the computational steps
of multicomputer nodes to processors in X. We are interested in mapping multicomputer
communication operations through shared-memory message passing. As we discussed in sec-
tion 2.3, communication operations of a multicomputer program can always be expressed in
terms of the basic communication patterns C1-C7 in the communication set CS. In the last
subsection, we emphasized on memory-based communication graphs for these basic patterns.
We also discussed that some of these memory-based communication graphs demonstrate po-
tential for being implemented in single vectorized memory access step. These vector access
steps are efficient (with less time overhead) compared to equivalent multiple scalar access
steps.

The objective of an optimal mapping using vectorized memory-communication is to
reduce overall communication time. This demands that maximum number of communication
operations should be implemented in vectorized manner. It is also clear that transformation
of multicomputer communication patterns into vectorized memory communication depends
on the architecture X and the communication pattern itself. We propose the following 4-step
methodology to map a multicomputer program onto a target shared-memory architecture

X.

1. Reduction of communication operations of a multicomputer program in terms of basic
communication patterns in the communication set CS.

2. Determining a subset of these basic patterns that can be implemented on X using
only scalar access. Determining another subset which demonstrate potential for being
implemented using vector access.

3. Transforming communication operations of a program into equivalent memory-based
communication steps by using optimal combination of scalar and vector accesses.

4. Restructuring memory communication steps with appropriate synchronization primi-
tives.

First we discuss step 2 of this methodology which is most crucial. In the next sub-
section, we illustrate the complete methodology by mapping the sample program, presented

in section 2, onto three multiprocessor configurations.
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Consider the communication patterns C1-C7 in the communication set CS. The send
and receive operation, associated with each communication pattern, gets transformed into
equivalent write and read steps in a shared-memory environment. We identify send and
receive steps of each communication pattern as Cigng and Ciyecy, where 1 < i < 7. The
equivalent transformations into memory-based communication are represented in terms of

memory-based communication graphs as shown in Fig. 7.

Similar to the concept of communication set CS, we define a Memory-based Commu-
nication Set (MCS). For a given shared-memory architecture X, we define two such sets,
MCS§r and MCSye", for scalar and vector operations respectively. M CSgaler com-
prises of all send and receive operations of basic patterns that can be implemented on the
architecture X using single-step scalar access only. Similarly, M CS¥°" encapsulates the
respective send and receive operations that can be implemented using single-step vectorized
access. The following six memory-based communication sets comprise basic send and receive
communication patterns that can be implemented on bus-based, crossbar-connected, and
orthogonally-connected multiprocessor systems, using a single-step scalar/vector memory-

aCccCess.

1. MCSg&g’!ar = {Glscnd501recv}
2. MCSpedtr = {C3sendy Chsend}

3. MCS::::SEM- = {Clsend: Clrecv; Czsend; czracv}
4. Mcsg:::zgar = {Ogsend: C4send) Cﬁsend: CTscnd}
3. Mcsgﬁgiltg;onal = {Clsemia Clrecva Czsend: CQracva CSrecu: C4rec-u: C5send}
6. MC ::fﬁf,;maz = {C3send: C4send: Cﬁ'recu: CGS&TLd1 Cﬁrecu: CTsend; CYTCC'U}

Consider the basic patterns, C7,1 < ¢ < 7. Memory-based message communication
belonging to send and receive operations of these communication patterns can be represented
by unidirectional memory-based communication graphs, M CGiseng or M C Gireey, as shown in
Fig. 7. We assume the use of data manipulator hardware in all three multiprocessor configu-
rations to support vectorized memory access. Out of 14 (7 pairs of send and receive ) possible
communication operations, we separate out those operations which demonstrate vectoriza-
tion capability. This vector group includes 7 operations: MCG3sena, MC G4send, MCGbrecw,
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MCG6send, MCG6recy, MCGTseng, and MCGT,eep. The remaining operations are included
in the scalar group.

4.3 Mapping into Message Vectors

The concept and properties of a message vector are explained as follows: Let NV =
{NO,N1,...,N(m —1)} be the set nodes in a m-node multicomputer. The set £ = {(N0 —
N1),(N0—=N2),...,(N(m—1)—N(m—2)} represents all point-to-point communication links.
The power set 28 = {¢, {(NO—N1)}, {(N0O=N2)},...,{(NO=N1),(N0O=N2)},...,{(N0O—
N1),(N0O—N2),...,(N(m—1)—N(m—2)}} represents all possible communication patterns
using different combination of the links in the set £. A message vector v is a collection of
one or more communication patterns, which can be implemented in one vectorized step as
discussed in Section 4.3. The pattern v can not be null. The maximum number of links used
in a given v is m(m — 1). Let DST; be the set of all destination nodes from the source node

t. Similarly, let SRC; be the set of all source nodes destining for node 1.

Theorem 1 A message vector, v, must satisfy the following four properties:

1. (Ni,Nj1),(Ni,Nj2) € v, Vi,0<i<m—1 iff jl# ;2
2. (Nil,Nj),(Ni2,Nj) € v, ¥5,0<j <m—1 iff 41 #42
3. DST;={j | (Ni,Nj)€v,0<j<m—1}, Vi, 0<i<m—1 iff |DST;|<m-—1

4, SRC;={i | (N{,Nj)ev, 0<i<m—-1},Vj,0<j<m-1 iff |SRC;|<m-1

Proof:

Necessity: During one vectorized access, a processor P; can either write a single message to
the memory module M; ; or receive a single message from the memory module M; ;. Hence,
for any source (destination), all destinations (sources) have to be disjoint as indicated by
properties 1 and 2. During one vectorized access on an m-way interleaved bus, any source
can send messages to at most (rn — 1) other destinations as indicated by property 3. Similar

arguments hold good for receiving nodes indicated by property 4.

Sufficiency: The vector v satisfying the above four properties guarantees that there exists
one distinct memory module in the shared-memory multiprocessor, which can always be

allocated to work as a unique buffer for each point-to-point communication belonging to
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v. All actively sending nodes can initiate simultaneous interleaved-write operation to the
designated memory modules in their respective rows, if possible. Similarly, all actively
receiving nodes perform interleaved-read operation in parallel from the designated memory
modules in their respective columns. These two interleaved operations constitute an IWR
step. [ |

The messages corresponding to the communication operations belonging to memory-
based communication sets MCSyis*™, MCSystor,,, and MCSsier | constitute message
vectors. Based on these message vectors, we take the sample program presented in Fig. 2 to

demonstrate the complete mapping methodology.

Consider the program-level communication steps of the sample program as described
in Section 2.2. Communication patterns C8 and C10 are not basic patterns. Hence, these
patterns are first decomposed/encapsulated using basic patterns. Communication pattern
C8, one-to-many (personalized), is encapsulated into C3, which represents one-to-all (per-
sonalized) communication. Similarly, C10 is encapsulated into C5. So our sample program
involves basic communication patterns C1, C2, C3, C4, and C5. Next we consider map-
ping this communication model, with 5 basic communication patterns, into three different
multiprocessor configurations.

A. Single Bus Multiprocessor System:

For a single bus-based system, Clyens and Cl,.., operations can only be implemented
in scalar mode. Similarly, C3eng¢ and C4,.nqa operations demonstrate potential for vector
access. That leaves all other operations, C2end, C2recvy C3recvs Clrecyy COsends and Cdirecy,
to be implemented as multiple C'1 operations. Based on these constraints, communication

operations of the sample program are mapped to a single bus-based system as follows *:

Step 1: Clgend(P1 — Mp), Clyecu(Mo — PO)
Step 2: Clgend(P1 — M), Clgena(P3 — M),
Clrecy(Mz — P2), Clyecy(Mo — PO)
Step 3: CS,cnd(PO — ﬂll,ﬂffg,ﬁfrg), Cl,ecu(Ml — Pl),
C]-rccu(MZ =¥ P?), Cl-,—gcv(ﬂ/fa — P3)
Step 4: Cdyena(PO — My, My, M3), Cl,eeo(My — P1),
Clrccv(Mz —F PZ), Clrccu(ﬂda = P3)
Step 5: Clyend(PL — M), Clsena(P2 — M), Clyecs(Mo — PO), Clyeey(Mo — PO),

2We use the following notations in our memory-based message communication: (Pz — M) for
scalar write operation from processor Pz to memory module My, (Px — My, M;,..., My) for vector
write operation, (My — Pz) for scalar read operation by processor Pz from memory module My, and
(My,M,,...,M, — Pz) for vector read operation.
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CBuend(P3 — My, M), Clyees(My — P1), Clyee(My — P2)

B. Crossbar-connected Multiprocessor System:

Using the above described procedure, communication operations of the sample pro-
gram is mapped to a crossbar-connected system as follows:
Step 1: Clsend(P1 — M), Clyee(Mi0 — PO)
Step 2: C2,ena((P1 — M), (P3 — Msp)),
C2chv((M1,2 - Pz): (ﬁ/f3‘0 = PO)
Step 3 C3scnd(P0 — .ﬂ{g’l,ﬁdblg, .A/fg'g), Clrecv(ﬂju,l — Pl),
Clrew(MO.Z —% PQ), Clrecu(ﬁ{(],s — P3)
St(i'p 4: C4send(P0 —% ﬂ./[u']_, .A/Io'z, j\/fo‘a), C].,-ecu(ﬂffoJ —¥ Pl),
Clrccu(Mo,Z = PQ): Clrecu(ﬂffﬂ,S - P3)
SteP 5: Clsend(Pl — MI,D): Clsend(-P2 — A42,0): Clrecv(A{[I,O — PO)a Clrecu(-ﬂ’-’[-?.(] = PD):
C3s=nd(P3 —* MS,I) MS.Q): Clrecu(nd-S,l —* Pl), Clrccv(-"w'.ﬂﬁ =¥ Pg)

C. Orthogonal Multiprocessor System:

This shared-memory configuration, with two-dimensional memory interleaving, in-
cludes all basic patterns into the sets MCSs. This allows a straight forward mapping of
multicomputer message passing operations into memory-based communication. Communi-

cation operations of the sample program is mapped to this configuration as follows:

Step 13 Claend( 1 — ﬁr{l 0) Clrgcu(ﬂ’fl'o =3 PO)
Step 2 C2send((P1 —% Ml 2) (P3 —+ J’Vf3 g)),
rec‘u((M] 9 —* PZ) (ﬂﬁfg 0 — PO)
Step 3: C’3sen (PO —* Mg 1,]1{0 2,1’\5[0 3) C3recu((ﬂ/fg'1 = Pl), (ﬁ’fglg — Pg), (ﬁf[o‘g —3 PS))
StEP 4; C4send(P0 — Mg 1,]1.{0 2,1\.{0 3) C‘lr,-ccv((ﬂfgll =% Pl), (ﬂ’fu,g =¥ .PQ) (ﬂ{foﬁ — PE)).
Step 5: 0533,«“{(( 1— AJ]_'()) (P2 — Aﬁrg'o)), CSTEC'U(AJ]_'G,AJE!O =] PU)
C3send(P3 — Mz 1, M), C3reco((Mzy1 — P1),(Msy — P2)

In all the above mappings, we did not show explicit synchronization constructs for
clarity. Since each (scalar and vector) shared-memory communication gets implemented in
a producer-consumer manner, we need explicit synchronization between them. As shown in
Fig. 4, we assume the existence of an interprocessor interrupt bus in all three configurations.

We assume a static barrier MIMD hardware synchronization scheme as proposed in [18].

Each receiver processor executes a wait-sync operation on the sender processor be-
fore a message read operation. Similarly, every sender processor executes an activate-sync

operation after each message write operation. Since we assume our original multicomputer
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program to be deadlock-free, this synchronization scheme ensures no deadlock in a shared-

memory environment. These synchronization primitives are incorporated into the code ap-
propriately before execution.

5. Mapping Multicomputer Programs into Multiprocessors

Based on the communication vectorization concept, we demonstrate mapping dif-
ferent multicomputer architectures to the Orthogonal multiprocessor. Consider the target
multicomputer architecture G with m computer nodes being mapped onto the host OMP ar-
chitecture H with n processors, where m > n. We use a two-step approach. In the first step,
the m computer nodes are grouped into n clusters with (m/n) nodes assigned to each cluster.
The second step involves allocating these clusters to the processors in H. This approach is
similar to the classical problem of mapping tasks to the nodes in a distributed computing
environment. OQur approach is distinguished from the old methods in that we emphasize on
interprocessor vector communication. We determine the efficiency of communication vector-
ization by emulating frequently used communication patterns as summarized in Table 1. We
compare our cost with near-optimal algorithms available in the literature [21]. Asymptotic

reduction in communication overhead for short and long messages are derived.

Consider the messages on the target architecture G to have uniform length I. If m > n,
multiple computer nodes of the target multicomputer get mapped to a single processor on
the host. This exhibits potential increase in the effective message length [ by a factor A. This
X can be defined as a node-congestion factor and its value depends on the communication
pattern. So, the cost of implementing an IWR access on the OMP changes to T'(d, Al).
Table 2 shows the cost T'(d,Al) to emulate different communication patterns on an OMP

under the communication vectorization, where T' was defined in Eq. 1.

5.1 Mapping Hypercube Programs onto The OMP

Consider a p-dimensional hypercube with m = 27 nodes as a target multicomputer G.
Let the p dimensions be named as 20, z1,...,z(p—1). We consider two cases of hypercube
mapping.
Case A: (m = n)

The hypercube consists of n nodes and either n log n unidirectional links or (nlogn)/2

bidirectional links. Each hypercube node (N) is mapped to an orthogonal processor (P). Fig-

ure 9 demonstrates such mapping on a 16-processor OMP. The four dimensions (z0, 21,22,
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Table 2: Cost of Emulating Communication Patterns Under Communication Vectorization
Scheme (m= number of nodes on the target architecture, n = number of processors on the
host OMP, | = uniform message length on the target architecture, 7" is the time overhead
for an IWR access as defined in Equation 1).

Communication Cost |

Patterns m=n |m>n

One-to-one T(1,1) 0, if source and destination
nodes are in the same cluster
)

One-to-all (broadcast) T(n—-1,0) | T(n - 1,1)

All-to-all (broadcast) T(n=1,1) | T(n=1,2{)

One-to-all (personalized) | T(n —1,1) | T(n — 1, 2]
All-to-all (personalized) | T(n—1,1) | T(n - 1,(2)%)

7

and 3) are numbered positively and negatively with respect to the link directions of node 0.
This numbering scheme identifies the mapping of unidirectional links to the orthogonal mem-
ory modules. For example, the memory module M; g is used for /N to communicate with
Ny using the +23th dimension. The memory module My replaces the -z3th dimension link
from Ny to N;.

This mapping scheme provides bidirectional multi-port (log n ports per node) commu-
nication. In one IWR step, all n nodes can simultaneously send and receive messages to and
from all its log n neighbors. The communication vectorization supports the hypercube log n-
port communication model [21] completely. In fact, the capability of this mapping scheme
is much more powerful. Consider a message communication between node 0 and node 15
on a 16-node hypercube in Fig. 9. The communication needs 4 steps on a hypercube. But,
the communication vectorization provides a virtual link between node 0 to node 15 through
the memory module My 15. Hence, a 4 step communication on a target hypercube can be
replaced with a single IWR step under this mapping scheme. In fact, for m = n, virtual links
exist from each node to every other node. Unlike the edge-congestion factor in other mapping
schemes, the current mapping provides a contraction factor of logn and allows significant
reduction in communication cost in implementing dense communication patterns.

Case B: (m > n)

Consider a p dimensional hypercube, m = 2°, to be mapped onto a n processor,
n = 29, OMP. According to the mapping procedure mentioned earlier, the first step groups

each 279 hypercube nodes into a cluster. The second step allocates these 27 clusters to n
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orthogonal processors. This implies that hypercube communication corresponding to (p — q)
dimensions are collapsed into intra-cluster communication. The communication correspond-
ing to the rest ¢ dimensions are mapped to the memory modules of the OMP. The first
clustering step has Cf’p_q) options to choose the (p — ¢) dimensions. Figure 10 indicates the
mapping of a 32-node hypercube onto a 16-processor OMP. Five options for collapsing any
one of the five dimensions to intra-cluster communication are demonstrated. The dimensions
belonging to inter-cluster communication are mapped onto the memory modules similar to
Fig. 9. The frequently used (p— ¢) dimensions of a hypercube can be reduced to intra-cluster

communication to provide a significant reduction in communication overhead.
5.2. Reduction in Communication Overhead

The cost expression 7" under communication vectorization, as defined in Eq. 1, uses
two cost parameters: fixed cost ¢ and pipelined cost 7. We use a similar convention scheme
to reflect the message initiation cost in hypercube as ¢; and the pipelined communication

cost in hypercube links as 7,. We normalize these cost parameters using constants k;, ks,

and k3 as defined below:

1= kgT, Th = kgT, th = klf = k1k3T (2)

where the constants ki, ko, and k3 depend on the design parameters used. Using the above
normalization, we express both costs (the cost of emulating communication patterns under
communication vectorization and the cost derived by Saad and Schultz in [21]) in terms of
7. The results in [21] assume that for each communication pattern, the total amount of data
being exchanged between all processors remains constant. But in our analysis, we assume
that each node in G exchanges data in message of length [ irrespective of the communication
pattern. So, we normalize the message length appropriately in the results in [21] For example,
the total amount of data exchanged in an all-to-all (broadcast) communication is Im, in an
one-to-all (personalized) communication (scatter) is Im, and in an all-to-all (personalized)

communication (multiscatter) is Im?.

The multiport hypercube communication models in [21] assumes up to logm mes-
sage communication during a single pipelined cycle of 7,. These models also assume packet
disassembly at the source node and packet assembly at intermediate and destination nodes.
Up to logm packets are involved in this assembly and disassembly process. Contrary to

this communication model, the pipelined cost 7 under communication vectorization involves
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Figure 10: Mapping of a 5-dimensional hypercube onto a 16-processor OMP.
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sending (receiving) a single word to (from) the memory modules. Hence for a fair compar-
ison between these two communication models, we assume k; = O(logm). Without loss
of generality, this approximation is useful in comparing the communication costs for long

messages. Table 3 analyzes the cost comparison between hypercube communication and the
memory-based emulated communication.

Theorem 2 The mapping of a m-node hypercube multicomputer onto an n-processor OMP
results in O(logm) reduction in communication cost with respect to each of the communica-
tion patterns listed in Table 3.

Proof: Table 3 analyzes the cost comparison between hypercube communication and the
memory-based emulated communication. The cost factors shown in the table are normal-
ized to 7, units. Each cost term involves a fixed cost which is independent of the message
length I. The variable cost depends on [. For small message lengths, the fixed costs dom-
inate in both actual and emulated communication. The ratio of the fixed cost of actual
hypercube communication to the fixed cost of memory-based emulation determines the cost
reduction factor. For long messages, the respective variable costs dominate and determine
the cost reduction. For short messages, the comparison demonstrates O(log m) reduction in

communication cost. |

5.3 Mapping of Torus Programs onto The OMP

For m = n, the mesh/torus mapping scheme is similar to that of the hypercube
mapping shown in Fig. 9. The only difference being the allocation of memory modules based
on east,west,north, and south dimensions. Hence, we directly show the mapping of mesh for
m = n?. We consider an (n X n) mesh with wrap-around torus interconnections. The four
communication (rotate) steps are identified as east, west, north, and south. The n? nodes
are first grouped into n clusters either by rows or by columns. These clusters are allocated
to n processors of an OMP. Figure 11(a) shows an example of clustering by columns. The

16 nodes are grouped into 4 clusters and allocated to 4 processors of the OMP.

If nodes belonging to a column (or row) are grouped into a single cluster, all intra-
column (or intra-row) communication reduces to intra-cluster communication on the OMP.
The other communication patterns are implemented as inter-cluster communication. With
the example shown, all north and south communication are reduced to intra-cluster commu-

nication. The east and west communication steps are implemented as inter-cluster commu-
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Table 4: Cost Comparison and the associated Speedup between Hypercube Communication and Emulated Communication on the
OMP Based on Message Vectors (m= number of nodes on target hypercube architecture, n = number of processors on the host OMP
architecture, | = uniform message length on target architecture, ky, k2, k3 = normalizing constants between the fixed and pipelined cost

between two schemes, 7 = pipelined memory access cost in OMP).

Communication

Hypercube

Vectorized

Communication cost

Communication cost

patterns communication cost [21] | communication cost reduction(short message) reduction(long message)
in 7 units in 7 units ks = O(log m)

( m>n
One-to-one (2 + logm)ky ks + %k-} ks +2(1 + 6)1 ~ (2 +logm)/2)ky = Ollogm) | = ==y = 0(1)
One-to-all 2(log m)kyka + 21k ks +2(n—1+8)I ~ (logm)k; = O(logm) = ,._J"fﬂ = O(E‘:‘.m)
(broadcast)
All-to-all 2(log m)ky ks + QIIQ'S"m ka | 2k3+2(n—1468)2 ~ (logm)k; = O(logm) ~ Wm:(%in-Tj = 0(1)
(broadcast)
One-to-all (log m)kyka + lmks 2k3+2(n—146)21 =~ ((logm)/2)ky = O(log m) o Trﬁ;—’?&”} = O(logm)
(personalized)
All-to-all 2(log m)ky ks + Ik 2ks +2(n — 14 8)(2)* | =~ (logm)k; = O(logm) ~ z(nl—.?;:}ja)m = O(2e8m)
(personalized)

B

m=n

One-to-one (2 + logn)kiks + %kg k3 +2(1+ 6)I ~((2+4logn)/2)k; = O(logn) | =~ Wﬂlﬁm =0(1)
One-to-all 2(log n)kiks + 21k ks +2(n— 1+ 8)l ~ (logn)k; = O(logn) ~ n_—Li?W = O('ﬁgi)
(broadcast)

All-to-all 2(logn)krks + 22 ky | 2k +2(n— 1+ 5)l = (logn)k; = O(logn) Epe—) - W— ] §)
(broadcast)

One-to-all (log n)kiks + Inks 2ks +2(n—1+8)I ~ ((logn)/2)k1 = O(logn) £ mﬂ_—f‘ﬁ_é—) = O(logn)
(personalized)

All-to-all 2(logn)kiks + Inka 2k3 +2(n— 1+ 6)! ~ (logn)k; = O(logn) ~ 2(n“_"'1“+6) = O(logn)
(personalized)
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nication by transforming them into appropriate message vectors.

But, the similarity of a torus structure with that of an orthogonally-accessed memory
organization leads to a simplified scheme to emulate these inter-cluster communication steps.
Fig 11(b) illustrates an example of implementing a +2 east communication in two IWR steps.
Let each torus node contains a single data identified by the node numbers. In column-oriented
clustering, each orthogonal processor contains n data associated with its column. During
the first IWR step, the orthogonal processors, in parallel, perform a column-write operation
followed by a row-read operation. During the second step, the processors, in parallel, do
buffer manipulation based on the desired east or west communication, perform a row-write

operation with the manipulated data, and then perform a column-read operation.

This mapping example provides k,1 <| k |< n — 1, east or west communication
steps to be implemented with two IWR steps. This leads to a contraction factor of n. The
on-the-fly data buffer manipulation logic, as mentioned in Section 3.3, plays an important
role in providing this capability. During the column-write operation in the first IWR step,
the orthogonal processors can write manipulated data to the memory modules. This allows
< n —1, to be combined in two [WR

steps. This gives rise to the capability of communication vectorization to map variations of

up to k column and k row operations, k,1 <| &

mesh/torus architectures such as mesh with broadcast, mesh with multiple broadcast [12],
and generalized mesh [3]. The meshes with broadcast capability can be directly mapped by
the OMP due to its flexibility of broadecast in the data buffer manipulation logic.

We consider two torus mappings for m = n and m = n? for analyzing the reduction in
communication cost. Saad and Schultz have provided near-optimal algorithms for different
communication patterns on a torus. We compare our memory-based emulated communi-
cation cost with their results. We use a comparison scheme similar to that developed for
hypercube mapping. We denote the fixed and pipelined cost parameters in mesh as t,, and
Tm Tespectively. Similar to the hypercube mapping analysis, we normalize the parameters as

follows:

ta = k3T0, Tm = kgTo, fm = klto = k1k3‘f‘o (3)

Theorem 3 The mapping of an (n x n) torus onto an n-processor OMP results in O(n)
reduction in communication cost with respect to each of the communication patterns listed in
Table 4.
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Table 5: Cost Comparison and the associated Speedup between Torus Communication and Memory-based Communication Vectorization
on the OMP (m= number of nodes on target torus architecture, n = number of processors on the host OMP architecture, [ = uniform
message length on target architecture, k1, ko, k3 = normalizing constants between the fixed and pipelined cost between two schemes, 7
= pipelined memory access cost in the OMP).

Communication | Torus Vectorized Communication cost Communication cost
patterns communication cost [21] | communication cost | reduction (short message) | reduction (long message)
in 7 units in 7 units

| m=n- ]
One-to-one (n + 6)ky ks + 5ka ks + (14 6)! ~ (n+6)k; = O(n) ~ g_(ﬁa_) =0(1)
One-to-all nkiks + lka ks +(n—1+8)! ~nk; = 0(n) ~ n—k;+6 - O(%)
(broadcast)

All-to-all 2nkiks + Inks ks+ (n—1+8)l =~ 2nk; = O(n) ~ 22 = O(n)
(broadcast)

One-io-all Inkyiks + In%ka kz+ (n—14+68)nl ~ 2nky = O(n) ~ ﬁﬁﬁ = 0(1)
(personalized)

All-to-all Inkyks + 2intks ka+ (n—1+468)nl ~ 2nk, = O(n) ~ % = O(n?)
(personalized)

[ m=n 1
One-to-one (v/n + 6)k1k3 + %kz ka+ (14 6)! ~ (v/n+6)ky = O(y/n) ~ ﬁﬂ =0(1)
One-to-all Vnkiks + ko ka+ (n—1+48)l ~ /nky = O(v/n) ~ a—_iliﬁ = O(%)
(broadcast)

All-to-all 2/nkiks + Inks ks+(n—1+068) ~ 2y/nk; = O(+/n) ~ B0 = 0(1)
(broadcast)

One-to-all 2\/nkiks + Inka ks+ (n—1+6)l ~ 2\/nk; = O(v/n) ~ Ef—ﬁh = 0(1)
(personalized)

All-to-all 2y/mkiks + 2in* ks ka+(n—14+6)1 ~ 2\/nky = O(y/n) o ;f{‘—;%f&- = 0(n)
(personalized)
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Proof: Table 4 analyzes the cost comparison between torus communication and the memory-
based emulated communication on the OMP. The cost shown in the table are normalized
to 7, units. Similar to the arguments provided in Theorem 2, the fixed (or variable) costs
determine the cost reduction factor for short (or long) message communication. For short

messages, the comparison demonstrates O(n) reduction in communication cost. |
6. Conclusions

The major contribution of this paper lies in demonstrating and developing a system-
atic mapping method to convert message-passing operations in a multicomputer program into
vectorized memory access steps in a shared-memory multiprocessor. The mapping method-
ology enables efficient and economic program conversion from multicomputers to multipro-
cessors. In section 5, we have reported the mapping of hypercube and torus programs onto
the orthogonal multiprocessor. Continued efforts are in progress to map multicomputer pro-
grams onto the bus- and crossbar-connected multiprocessors. New results on these mappings
will be included in a revised version of this paper. Comparison of using the three multipro-
cessor configurations for running the same set of multicomputer programs will be provided
then. At this point of time, what we conject is that orthogonal multiprocessor will outper-
form other multiprocessors, because of using 2-dimensional interleaved memory, instead of

1-dimensional interleaving.

The development of scalable shared-memory multiprocessors with distributed physi-
cal memory is approaching to resemble message passing architectures in several ways. Sim-
ilarly, memory-based interconnection schemes demonstrate potential for being used in a
multicomputer environment, because it eliminates the software overhead associated with
message-passing communication. Our results in this paper emphasizes on bridging the gap
between shared-memory and message-passing models of parallel computing. This opens up
new research directions for architecture-independent and communication-independent pro-
gram development. The proposed mapping method greatly enhances the software portability

from multicomputers to multiprocessors.
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