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The OMP Supercomputer: A New RISC Multiprocessor
Using Orthogonal Memory and Spanning Buses®

Abstract: An Orthogonal MultiProcessor (OMP) supercomputer is currently under con-
struction at the University of Southern California with research funding from NSF and
assisted by several industrial partners. The prototype OMP is being built with 16 Intel
i860 RISC microprocessors using custom-designed spanning buses and 256 parallel memory
modules, which are 2-D interleaved and orthogonally accessed without conflicts. This paper
presents the architecture design, simulation results, and the embeddings of other parallel
architectures, such as hypercube, mesh, and pyramid onto the OMP structure. The embed-
ding capability demonstrates the adaptability of OMP for either MIMD or SIMD operations.
The OMP architecture design has been validated by a CSIM-based multiprocessor simulator
developed at USC. Simulated performance data are reported for sorting and matrix algo-
rithms. These results demonstrate scalable performance as the machine size increases from
1 to 64 RISC processors. The 16-processor OMP prototype is targeted to achieve 300 MIPS,
which has been verified by a multiprocessor bandwidth analysis based on the design param-
eters used. MIPS rate of a simulated OMP is measured around 230 MIPS based on the
sorting and matrix simulation experiments conducted. The simulation results demonstrated
a 76% efficiency from the target performance. Both analytical and simulation results being
reported are based on worst-case design parameters. This leaves plenty of room for further
improvements in performance, as the project advances.
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1. Introduction

The appearance of high-speed RISC processors on monolithic CMOS chips [36] and
the enhancement of performance by parallel processing [18] have created a significant impact
on computer industry. In this paper, we report the design and research experience of an inno-
vative Orthogonal Multiprocessor (OMP) supercomputer using state-of-the-art 64-bit RISC
microprocessors, a conflict-free multi-memory organization, and multi-dimensional spanning
buses. This OMP architecture concept was originally conceived at the University of Southern
California [20] and at Princeton University [31] during the last four years. In an earlier effort,
the EMPRESS Project at ETH, Switzerland has explored a slightly different idea which was
based upon an obsolete technology [10]. Presently, a 16-processor OMP prototype system
is under construction at USC using the Intel i860 chips with funding from the NSF/MIPS

Experimental Systems Program and technical assistances from several industrial partners.

The architectural development of OMP system has been greatly influenced by design
and implementation experiences reported in the PASM [35], the NYU Ultracomputer [15],
the Cedar multiprocessor [41], the Warp systolic computer [4], the Wisconsin multicube [14],
and the P-RISC [27] systems. In the memory area, we choose private caches [7, 8] in a 2-level
structure [5]. Previous works reported in [11], [21], and [29], have also impacted our design

choices.

Through hardware prototyping and performance simulation, we show design inno-
vations in the dual-processor i860 boards, orthogonal memory organization, and spanning
buses on a large backplane board. We have joined Intel and Alliant in expanding the PAX
(Parallel Architecture Extended) software standards for i860-based systems [3]. The OMP
architectural strength is highlighted by its capability to embed a large class of interesting
parallel architectures, such as mesh and hypercube for SIMD and the pyramid for MIMD
applications involving large-scale matrix manipulations. These studies on architecture em-
beddings prove the effectiveness of a new paradigm for orthogonal vector communication

using parallel memory modules which are pairwise-shared by multiple processors.



This article also shows how to generalize the OMP model to support massive paral-
lelism using higher dimensional orthogonal structure of memory and spanning buses. This
generalizes the works by Wittie [40], Bhuyan and Agrawal [6], and Winsor and Mudge [39].
We are using a C-language based multiprocessor simulator, locally developed at USC with
the support from the CSIM package developed by Schwetman at MCC [32], to validate the
design decisions. The OMP simulator, closely reflecting the hardware behavior, is also used to
evaluate the performance of parallel algorithms developed for OMP. Simulated performance
results are reported for matrix multiplication and large array sorting on the simulated OMP
with machine sizes ranging from 1 to 64 RISC processors. These simulation results verified

the linear scalability in performance, as machine size increases.

The OMP prototype is designed to achieve a peak performance of 300 MIPS for the
16-processor prototype. Besides hardware prototyping, we are also modifying the Mach/OS,
ported to a SUN/4 host workstation, for supporting orthogonal multiprocessing using par-
tially shared memory. We have extended the language C to Ortho-C for more efficient
compilation and resource allocation towards vectorization and parallelization using the in-
terleaved orthogonal memories. The initial application phase of the OMP project includes
early vision processing and neural network simulations. Parallel language and algorithm
developments for applications of the OMP system were reported [16]. The results presented
in this paper are based upon our initial design specifications, theoretical architecture em-
beddings, and simulated performance data. Some of the design parameters are subject to

further refinement in the remaining phases of the project.

2. Orthogonal Multiprocessor Architecture

A generalized model for orthogonal multiprocessors is presented. This model treats
the 2-dimensional OMP structures proposed in [10, 20, 31] as special cases. The model also
extends the hypercube generalizations reported in [6, 40]. The central idea of orthogonal
multiprocessing lies in the use of multiple spanning buses to achieve conflict-free access

of parallel memories. Thus, full memory bandwidth can be delivered to match with the



combined bandwidth of multiple RISC processors.

A generalized orthogonal multiprocessor, OMP(n, k), is characterized by two parame-
ters, namely the dimension n and the multiplicity k as depicted in Fig.1la. There are p = S
processors and m = k™ memory modules (MM) in the system, where p > n and p > k. The
number of MMs is k times greater than that of processors. When k = 2, the system is called
binary and, in general, it is called k-ary. The system uses p memory buses, each spanning
into n dimensions, but only one dimension will be used at a time. There are k MMs attached

to each spanning subbus.

Each MM is connected to n out of p buses through a n-way switch, as shown in Fig.1b.
It should be noted that the dimension n corresponds to the number of accessible ports that
each MM has. This implies that each MM is shared by n (out of p = k™ ') processors.
In the three-dimensional case (n = 3) as shown in Fig.2, each MM is shared by only three

processors. For example, the MM2 is shared by processors a, b, ¢, and d.

The orthogonal structure of an OMP(n, k) is illustrated in Fig.2 for the case of n =3
and £ = 2. Each bus is used by a single processor without time sharing and thus avoids
contention. Physically, all the spanning buses from the same processor form the same bus.
Logically, they are used in a mutually exclusive manner. Only MMs attached to the same
spanning bus can be used by the same processor at the same time. In fact, this requirement

enforces the orthogonal memory access, which results in no conflicts.

In Fig.2, we distinguish between three types of functional modules, namely the circles
for memory modules, the squares for processor modules, and the circle-inside-square for
a computer module. Each computer module has a local MM, which is private. The pure
MMs are pairwise-shared by the processor modules. The collection of all MMs is called the

orthogonal memory.

In Fig.2, four processors orthogonically access eight memory modules via four buses,
each spanning into 3 directions, called the z-access, y-access, and z-access, respectively. It

should be noted that the MMs of an OMP(n, k) form an k-ary n-cube, in which all the nodes
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Fig. 1 The orthogonal multiprocessor, OMP (n,k), with an n-dimensional spanning bus

network and £ memory modules attached to each spanning bus.
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Fig. 2 The architecture and memory access modes of an OMP (3,2) system

with 4 processors and 8 memory modules.



Table 1: Orthogonal Multiprocessor System Sizes as a Function of Dimension n and Multi-
plicity k.

No. of Processors | No. of Memory Modules
OMP(n, k) p=k"! m = k"™
OMP(2,8) 8 64
OMP(2,16) 16 256
OMP(3,38) 64 512
OMP(3,16) 256 4,096
OMP(4,38) 512 4,096
OMP(4,16) 4,096 32,768
OMP(5,16) 65,536 524,288

are interconnected by spanning busses, instead by point-to-point links as in a hypercube ar-
chitecture. Readers should not confuse the OMP(n, k) architecture with the k-ary hypercube

architecture, in which all nodes are computer nodes.

For comparison purposes, various sizes of OMP architecture are listed in Table 1.
A 5-dimensional OMP with multiplicity & = 16 will have 65K processors comparable to
the connection machine. In other words, the generalized OMP can easily support massive
parallelism [19], although we are building only a small prototype system with 16 processors
just to prove the new architecture concept and the high speed multiprocessor technology

used.

Next, we present the architecture of the prototype 2-dimensional OMP system being
built at USC. Higher dimensional OMP can be built with the same orthogonality principle
as outlined above. Based on today’s technology, one can easily attach £ = 16 MMs to each
spanning bus and the dimension can be increased to n = 5 or higher, which is limited by

packaging, performance, and cost-effectiveness considerations.

The OMP prototype system is built as a backend machine attached to a SUN/4
workstation host as shown in Fig.3. The host handles all input and output functions with
the outside world. A video camera will be used to input imagery data and visual display

for image output. Special operating system software supports are necessary in the host



w00 <

VME Bus

| 1 |
/0 CPU and Processor Processor | Processor
Memory Board Board Board
(Fig. 10)
1 2 8
SCSI
Display Bus
Console Spanning Bus Network
|| Interface| |
Board (Memory Backplane, Fig. 11)
Disk
Host (Sun/4) Memory Memory | | Memory
Board Board Board
(Fig. 12)
1 2 16
Orthogonal Multiprocessor
(a) Major component boards and host connection
i860 processors 1860 microprocessor
P P P P
0 cose
1 2 15 CPU
lBo By By Bys l
Internal
ty
L
Extemnal
e Cache/Buffer
o [0 e[ J

O1©

—
X - access

&l

(b) Spanning buses for orthogonal memory access

Orthogonal

Memory

Iy

Local

memory

(c) Memory hierarchy with access latencies,

t1<t2<t3<t4

Fig. 3 The prototype orthogonal multiprocessor, OMP(2,16)



to perform the following functions: program compilation (parallelization or vectorization
besides optimization), download of compiled programs to the OMP backend, handling of
data movement between the orthogonal memory and the mass storage in the host, control
and allocation of OMP resources, and performance monitoring of the entire system. We
are modifying the Mach/OS for these purposes [30]. This includes the development of a
parallelizing cross-compiler for the extended C language, Ortho-C, being specially developed
for orthogonal multiprocessing. A preliminary version of Ortho-C has been given in [16].

Programmer can only interact with the OMP system through the host.

The OMP machine layout consists of essentially 4 types of printed-circuit boards;
namely the processor boards (PB), memory boards (MB), spanning bus network (SBN), and
the interface board (IB). The IB interfaces MMs with the SCSI bus of the SUN/4 host for
data uploading and downloading using DMA. Each PB houses two Intel 1860 CPUs, with
internal caches, external cache/buffer, synchronization, and performance monitoring logic as
described in section 4. The 256 MMs supply 256 MBytes or 32 M 32-bit words of memory.
These memory words are 16-way interleaved in both orthogonal directions as described in

section 5.

The SBN is a custom-designed memory backplane. All the 16 MBs are vertically
plugged into this backplane. The PBs are connected to the OBN using flat cables. The
OBN implements the 16 horizontal and 16 vertical spanning buses as shown in Fig.3b. The
2-way switching between x-access and y-access is built on the backplane. Besides switching,
the SBN is designed to buffer high-bandwidth data transfers between the orthogonal memory
and the PBs.

In summary, the OMP backend machine is built on 8 PBs, 16 MBs, 1 IB, and SBN
backplane. The host board and all the PBs are plugged into the same VME chasis. The
purpose of the prototype OMP construction is to prove scalability in performance and yet
allow modular growth. In subsequent sections, we identify the research and development

issues and present our methods of attacking these issues.



The processing speed of OMP is analyzed below in terms of MIPS (Million Instructions
Per Second) rate. This analysis is based on the latency parameters used in the actual design.
Let = be the peak MIPS rate of a single :860 processor. For an example, z = 27 MIPS for a
33MHz 1860 [23]. Figure 3c shows a hierarchy of 3 levels of physical memories in the OMP:
the internal cache inside the 1860 chip (level 1), the ezternal cache on the processor board

(level 2), the local memory on the processor board (level 3) and the orthogonal memory

(level 3).

Consider the execution of N instructions on each 860 processor in a p-processor
OMP system. Let f, and f, = (1 — f,) be the fractions of these instructions used for
processing and synchronization purposes respectively. The memory reference, corresponding
to executing N X f, instructions, are distributed over the hierarchical memory space seeing
from each processor. Let fy1, fo2, fp3, and fpa be the respective fractions of memory references
to internal cache together with CPU registers, external cache, local memory, and orthogonal
memory; where fp1 + fpa + fps + fpa = fp. The execution of instructions with memory
references to internal cache and registers is determined by the peak MIPS rate z of each
i860. The execution of those instructions using off-chip resources is limited by memory

access times (t,,%3, and t4 as shown in Fig. 3c) and by the synchronization overhead t,. So

the effective MIPS rate, X, of the OMP is estimated as:

p-z
X = 1
for + (forz + fos-ts + foa-ts) 2 +fo-ts-z (1)

We have chosen the following design parameters: p = 16 processors, z = 27 MIPS per
processor, t, = 91 nsec for external cache/buffer access, t3 = 547 nsec for a 32-byte block data
movement from local memory to external cache, t, = 6454 nsec for 16 32-bit interleaved data
fetch from orthogonal memory to external cache/buffer, and ¢, = 1243 nsec for synchronizing
all the processors. These parameters are based on a 33-MHz 7860 processor. Both internal
and external caches are block-oriented. The blockwise data movement between different

memory hierarchies give rise to high hit-ratios in the internal cache. Suppose we choose



for = 0.95, fpe = 0.04059, fpz = 0.007425, f,4 = 0.001485, and f, = 0.0005 as a test sample.
This results in a 301 MIPS rate of the experimental system. This implies that our design
could be 70% efficient as compared to the theoretical peak rate of 432 MIPS. In section 6,

we will report measured MIPS rates of the OMP based on 16 simulation experiments.

3. Embeddings of Other Architectures

In this section, we reveal superset architectural characteristics of the OMP. A new
shared-memory paradigm is introduced for orthogonal vector communication. We prove
that an n-processor OMP is capable of embedding any other n-processor architecture. The
idea of embeddings is illustrated by mapping a 16-processor hypercube and a 4 X 4 mesh
computer into a 16-processor OMP. Each processor can access the memory modules of two
neighboring processors using the shifted memory access. We also illustrate the embeddings of
a 16 x 16 mesh computer and a 64 base pyramid. These embeddings make the OMP system

dynamically adaptable to many scientific and image processing applications [2, 31, 34].

Consider the differences of an Orthogonal Processor (OP) used in our system, as com-
pared with a Processing Element (PE) used in a distributed memory multiprocessor system
(Fig. 4a). The OP differs from the PE mainly in the area of interprocessor communica-
tion. While a PE communicates with other PEs through dedicated communication links,
OPs communicate with each other through the orthogonal memory. We embed a distributed
memory multiprocessor network into an OMP by allocating the computational tasks of one
or more PEs to an OP and by replacing communication links with pairwise-shared memory
modules. The embedding process preserves the adjacency and connectivity properties of the

multiprocessor network.

When two processors PE; and PE; are connected by an unidirectional link (Fig.4b),
we can embed them directly into a 2-processor OMP. The unidirectional communication link
is established by two orthogonal memory accesses. The first access consists of OP; writing

data to memory module M;; in z-access (indicated by — in Fig.4). The OP; performs a y-
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access read from memory module M;; (indicated by T) in the second access. All OPs operate
synchronously to access the shared orthogonal memory. This methodology also allows us to
replace a bidirectional communication link between two processors by two-cycle orthogonal
memory accesses as shown in Fig.4c. The OPs perform a z-access write followed by a y-access

read to modules M;; and Mj; respectively.

Consider a 4-PE fully connected multiprocessor with 12 unidirectional links as shown
in Fig.5a. A PE can communicate with at most 3 other PEs in one time step. We consider
the 3 permutations shown in Fig.5b. These permutations can be carried out in one step
using dedicated links. In general, an n-PE fully connected multicomputer with n(n — 1)
unidirectional links can achieve n(n — 1) data communications with (n — 1) permutations in
one step. We show how an n-processor OMP can achieve the same n(n — 1) data commu-
nications in two memory accesses by an example of 4-processor OMP as shown in Fig.5c.
Both z-access and y-access to orthogonal memory are 4-way interleaved in this case.. The
interleaved read/write allows us to fetch/store from/to multiple MMs with the same displace-
ment address in one memory cycle. The two-cycle orthogonal memory access comprises of a

z-access write followed by a y-access read.

The orthogonal vector communication paradigm is formally defined below. All possi-
ble pairwise communications between OPs can be defined by an ordered set S = {(P;, P;), 1 <
1,7 <nand i # j}. Besides permutations, the set S also contains one-to-many and many-
to-one communications. We define an orthogonal vector as V. = {(P;,P;), 1 < ¢,j <
n, and (P;,P;) C S}. Clearly, V can take 2"~1) — 1 different values. Each V can be
implemented by two memory accesses using interleaved read/write. This capability makes
the orthogonal memory structure even potentially more powerful and cost-effective than a
crossbar switching network. In fact, an OMP can embed directly any distributed-memory
multiprocessor system consisting of up to n? — n unidirectional or (n* — n)/2 bidirectional

links, where n is the number of processors in the system..

Figure 6 shows the embedding of the bidirectional links of a 16-processor hypercube

[24] into our orthogonal memories. Each bidirectional link communication is replaced by two
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