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The Multiple Associative Computing (MASC) model is a generalized associative-style
parallel computation model that was developed at Kent State University in 1990s. It
provides a complete paradigm that can be used for both special-purpose and generalpurpose parallel computation. The primary focus in this research is to evaluate the power
of the MASC model and to provide a better understanding of it. This work consists of
three parts. The first part is to justify the timing assumptions for the basic associative
operations of the MASC model in order to establish a firm theoretical foundation for the
MASC model. The associative operations are used extensively in MASC algorithms. The
second part creates simulations between the MASC model and well-known parallel
enhanced mesh models. The simulations of the enhanced mesh models provide an
efficient method for converting algorithms designed for enhanced meshes to the MASC
model. The third part involves using the ASC model (i.e. MASC with one instruction
stream or an associative SIMD computer) to provide an efficient polynomial time
solution to the real-time Air Traffic Control problem. However, this type of real-time
problem is currently considered to be unsolvable in polynomial time using a MIMD
computer (i.e. a multiprocessor). Since the MIMD model of parallel computers is
generally believed to be more powerful than the SIMD model due to the fact of MIMD’s
- 10 -

asynchronous execution, the preceding anomaly indicates that this belief needs to be
reconsidered.
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Chapter 1
Introduction
The Multiple Associative Computing (MASC) model is a generalized associativestyle parallel computation model that was developed at Kent State University. Motivated
by the STARAN computer built by Goodyear Aerospace in the early of 1970s, the
MASC model was formally proposed by J. Potter and J. Baker et. al. in [99] in 1994.
Prior to this, an architectural version of the model with one instruction stream named
ASC was introduced in [98] in the early of 1990s. But the formal proposal in [99] defines
and describes the MASC model systematically, and it especially emphasizes the version
of the model with multiple instruction streams. The MASC model applies the concept of
associative computing to support not only data parallelism but also control parallelism.
Thus it provides a complete paradigm that can be used for special-purpose and generalpurpose parallel computation. It is a model that is easy to program, highly scaleable and
currently buildable. The MASC model supports efficient algorithms for a wide range of
problems and can be supported on a wide variety of computer platforms with a relatively
simple programming language. Since MASC is a strictly synchronous model that
supports SIMD computation but allows multiple instruction streams, it is also called a
multiple SIMD or MSIMD model. Therefore, it is a hybrid data-parallel/control-parallel
computation model. In contrast to a number of other parallel models proposed in the past
few decades, the MASC model possesses certain associative properties such as constant
- 12 -

time broadcasting, constant time global reduction operations, and constant time
associative search. These associative properties have made it possible to solve some realtime problems in an especially efficient manner.
In order to further evaluate the power of the MASC model and give a better
understanding of this model, we have conducted the extensive research on this model.
The work presented in this dissertation consists of three parts. The first part is to justify
the timings assumed for the basic associative operations of the MASC model to build a
solid fundamental theoretical background for associative properties assumed for MASC.
These associative properties have been widely used in MASC algorithm design and
complexity analysis. Our detailed timing justification for the MASC basic operations is
not only based on their hardware implementation in the STARAN, the architectural
ancestor of the MASC model, but is also based on comparison with timings of basic
operations for other well-established models such as PRAM and bus-based architectures.
The second part of our work is the simulations between the MASC model and
enhanced meshes. Enhanced meshes are attractive parallel computational models that
have received a lot of attention from researchers in the past. We create three simulation
algorithms to simulate between the MASC model and two classes of enhanced meshes,
namely, MMB (Meshes of Multiple Broadcasting) and BRM (Basic Reconfigurable
Meshes). In particular, a constant time simulation algorithm using MASC to simulate
MMB is developed. Simulations between MASC and RM (Reconfigurable Meshes), a
general case of BRM, are also explored. We show that these two models are dissimilar.
Neither of them can simulate the other efficiently due to their distinguishing features. Our
- 13 -

work in this part provides an effective way to understand the power of the MASC model
in terms of the comparative power with the popular enhanced mesh models. In particular,
the constant time MASC simulation of MMB enables algorithms designed for this
enhanced mesh model to be transferred to the MASC model with the same running time.
The third part of our work involves using MASC with one instruction stream
(called ASC) to solve real-time problems. It is shown that an efficient polynomial time
solution to a real-time problem for Air Traffic Control can be obtained. However, these
type of real-time problems are currently considered unsolvable in polynomial time using
a MIMD computer, which is generally believed to be the more powerful type of parallel
computers. The existence of a feasible polynomial time solution for the ATC problem
using an associative SIMD leads us to identify and analyze some of the most important
features of both associative SIMDs and MIMDs with regard to real-time processing. Our
work raises serious questions concerning the validity of the general belief that MIMDs
are more powerful than SIMDs and can solve any problems as efficiently as SIMDs.
Based on this fact, it is suggested that the importance and efficiency of SIMD
computation should be reconsidered.
This dissertation is organized into seven chapters. First, Chapter 2 surveys a
number of parallel computation models and the related research on simulations and
comparisons among them. Chapter 3 gives an overview of the MASC model, its
properties, and previous work on the model. Chapter 4 addresses justification of timings
of the basic associative operations on the MASC model, based on a theoretical analysis of
one possible implementation and comparison with timings of basic operations for other
- 14 -

well-established computational models. Chapter 5 presents simulations of the enhanced
meshes, e.g., MMB, BRM, and RM models, with the MASC model, and the reverse
simulations, respectively. Chapter 6 discusses how to use an ASC, i.e., the MASC with
one instruction stream, computer to solve a real-time problem for Air Traffic Control, in
polynomial time. Chapter 7 extends our results in Chapter 6 to reevaluate the
computation power of SIMD computers by comparing it with that of MIMD computers,
in terms of capabilities of solving real-time problems. Chapter 8 gives the final summary
and discusses some work planned for the future.

- 15 -

Chapter 2
Parallel Computational Models
A parallel computational model is an abstract description of parallel computers
with specific type of architecture and specific properties. Such a model extracts the
essential features of these computers and provides a framework for researchers to study
these computers independent of any real machines. Using a model, algorithms can be
developed and analyzed without involving any of unimportant implementation details
related to a particular machine. A parallel model has significant impact on designing both
parallel systems and parallel algorithms. Therefore, developing effective models for
parallel computation at proper levels of abstraction is fundamental in parallel processing.
A good model must correctly reflect essences of the parallel computers while balancing
briefness, accuracy, and broad applicability.
A number of models for parallel computation have been proposed and studied in
the past two decades. According to different communication schemes between
processors, models are usually divided into two categories, shared-memory based and
interconnection network based. In the first two sections of this chapter, we give a survey
of models to provide a background for the later chapters. A few popular models are
emphasized. Also, adding a certain number of buses to a particular model gives another
category of parallel models, i.e., bus-based models, which we will discuss in Section 2.3.
Then, in Section 2.4, we study three recently proposed parallel models. These models are
- 16 -

based on either shared-memory or networks and have been developed for generalpurpose parallel computation.
2.1. Shared-Memory Based Models
A shared memory model consists of a collection of processors communicating by
reading and writing to locations in a shared memory that is equally accessible by all
processors. In some cases, the processors may have local memory that can be used for
local storage and computational uses, but often only shared memory is available. Its
primary advantages are ease of use and portability of algorithms.
2.1.1. Parallel Random Access Machine (PRAM)
Primary among all parallel models has been the Parallel Random Access Machine
(PRAM) model, in which processors execute synchronously or in lock-step and
communicate by reading and writing to locations in the shared memory. Lock-step means
all processors are synchronized in every single step. (Although asynchronous PRAM was
also defined later, synchronous PRAM is usually assumed to be the default.) This is
contrast with bulk-synchronous model in which processors are synchronized in specific
step and we will discuss in later sections.
The PRAM model was first proposed as a general-purpose model for parallel
computation by Fortune in 1978 [42]. A PRAM consists of p conventional sequential
processors, P1 , P2 ,…Pp , all of which are connected to a large shared random access
memory, M. Each processor has a private, or local, memory for its own computation. All
communication among the processors is performed via the shared memory. In one step,
- 17 -

each processor can access one memory location or execute a single RAM operation. The
processors synchronously execute the same program through the central main control.
The processors generally operate on different data but perform the same instructions.
Hence, the model is sometimes called shared-memory single instruction stream, multiple
data stream (SM SIMD) machine. A PRAM time step is defined as consisting of three
phases: read phase, in which the processor may read from a shared memory cell;
computation phase, in which the processor does some calculations; and write phase, in
which the processor may write to a shared memory cell.

Based on restrictions on shared memory access, PRAMs are classified as three
categories: EREW PRAM, CREW PRAM and CRCW PRAM, where E is for exclusive,
C for concurrent, and R for read, W for write. ERCW PRAM is usually not considered,
since a machine with enough power to support concurrent writes should be able to
support concurrent reads. Here, we recall three important varieties of CRCW PRAMs,
which depend on how concurrent writes are handled. The common CRCW PRAM
allows concurrent writes only when all processors that attempt write the same value to the
same location at the same time. The arbitrary CRCW PRAM allows an arbitrary
processor to succeed. The priority CRCW PRAM allows only the processor with the
highest (or lowest) priority to succeed. The priority CRCW PRAM is the most powerful
among these variants, and the EREW PRAM is the weakest. Simulations and further
relationships between different PRAM models have been explored by researchers. They
can been found in [11,52,57].
- 18 -

The PRAM model is an idealized model and draws its power from its simplicity.
The model ignores the algorithmic complexity of communication-related issues and
allows the algorithm designer to focus on the fundamental computational difficulties of
the problem. Until recently, there were few attractive alternatives for the PRAM. As a
result, numerous efficient algorithms have been developed for this model [10,11,57]. On
the other hand, it has been criticized for years for being too high level and failing to
accurately model realistic parallel machines. In particular, the PRAM model has been
faulted for completely failing to model memory contention, communication bandwidth
limitations, and synchronization cost of parallel processing that are typical for
asynchronous computation. PRAM uses synchronous computation and a simplified
method for communications that often underestimates the cost and avoids the details of
having to specify a particular communication network and to design appropriate routing
algorithms for asynchronous network.
One way to avoid these criticisms of PRAMs is to develop methods that allow the
execution of PRAM algorithms on more realistic machines. The problem is to simulate a
CRCW PRAM on a realistic parallel machine, namely, one with distributed memory and
an interconnection network of fixed degree. According to the summary in [52], this
central problem can be generally separated into three fundamental sub-problems that can
be solved individually. The three sub-problems are the concurrent access problem, the
memory management problem, and the routing/interconnection problem. We denote (n,
m) PRAM to be a PRAM with n processors and m memory locations. In a (n, m)-CRCW
PRAM, a processor may request concurrent access to any of m memory locations. The
- 19 -

first problem is to service these multiple concurrent requests correctly and as efficiently
as possible on hardware that disallows concurrent access, namely, an EREW PRAM. The
solution to the second problem of memory management, is to simulate a (n, m)-EREW
PRAM on a machine with M memory modules in which the processors are fully
connected, so that any processor can communicate with any other in constant time. This
machine is called Module Parallel Computer (MPC). It allows us to focus on how to
layout memory so that the amount of module contention is minimized for any given set of
n requests to be serviced. The solution to the third problem is to specify a fixed-degree
interconnection network (referred as a Bounded Degree Network (BDN)) and a routing
algorithm that will allow servicing of all requests from n PRAM processors with
minimum slowdown. This step is used to precisely measure the communication cost for a
specific PRAM algorithm. It is assumed that memory management scheme has handled
the memory requests already before the router takes control.
The authors of [52] have given the results for each of the above steps both by
deterministic simulation (mapping processors deterministically) and by randomized
simulation (mapping processors randomly). These results indicate the simulation cost of
PRAM on currently more realistic asynchronous parallel machines in a general way.
2.1.2. Variants of PRAMs
Instead of simulating PRAMs on more realistic machines, a considerable amount
of effort has been spent to propose and differentiate between variants of PRAMs in the
past. In this section, we study several models developed from the original PRAM model.

- 20 -

•

Local-Memory PRAM (LPRAM)
The Local-Memory PRAM (LPRAM) was proposed by Aggarwal in [7]. It focuses

on exploring communication complexity of asynchronous PRAMs. Based on a CREW
PRAM, it models the communication delay and computation time separately. At each
step, the processors do one of two things as follow. In a communication step, a processor
can write, or read a word from global shared memory. Or, in a computation step, a
processor can perform an operation on at most two words that are present in its local
memory. Usually, a communication step is viewed as taking several times longer than a
computation step. This communication delay is also called latency. Assuming one
computation step takes unit time, LPRAM defines a parameter l that specifies the length
of time taken by one communication step. The total running time of an algorithm is
defined as the sum of the computation and communication times.
The parameter l is the latency for shared memory access. An LPRAM with p
processors can be simulated on a butterfly with the same number of processors, with each
computation step being simulated in constant time and each communication step
requiring O(log p) time; thus here l = O(log p). Similarly, an LPRAM can be simulated
on a 2-D mesh with each communication taking time l = O( p ). The work results in the
equivalence of the LPRAM model with communication cost l = log p and the butterfly
model and the equivalence of the LPRAM model with l = p and the 2-D mesh model.
In [7], the authors present several problems solved on an LPRAM. For example,
two n × n matrices can be multiplied in O(n3 / p) computation time and O(n2 / p2/3 )
communication delay using p processors (for p ≤ n3 /(log
- 21 -

3/2 n)).

Also, sorting n words

takes Θ((n log n) / p) computation steps and Θ((n log n) / (p log (n / p))) communication
delay.
Obviously, if a communication step takes time l, then the total running time of an
algorithm is T + l × C, where T is the number of computation steps and C is the number
of communication steps. Thus, the total running time for the above matrix multiplication
is Θ( n3 / p + ln2 / p2/3 ). It is further known that, when n = Ω( lp1/3 ), the algorithm is
computation-bound (i.e., computation time dominates) and will be running more
efficiently. Thus, for l = log p, n should be Ω( p1/3 log p), and for l =

p , n should be

Ω( p5/6 ). The n-word sorting problem can be analyzed in a similar manner. These
indicate how a problem can be executed efficiently on an LPRAM with communication
delay when the input size is different; the value of l dictates how large a problem should
be in order to obtain maximum efficiency.
•

Block PRAM (BPRAM)
The Block PRAM was introduced by the same authors that proposed LPRAM in

[6]. It is essentially another version of LPRAM since it uses the same parameter l for
communication delay. Besides that, it takes into consideration that a processor may read
or write a block contiguous locations from or to the shared memory in one step. Such an
operation is charged l + b time, where l is the startup time or latency and b is the length of
the block. An access to a location of the local memory is assumed to take unit time. Any
number of processors may access shared memory simultaneously, but the blocks that are
being accessed need to be disjoint.
- 22 -

BPRAM captures spatial and temporal locality of reference for the design of more
efficient algorithms. Algorithms for some problems such as matrix transposition and
multiplication have been designed to take the reduced cost of block access in order to
obtain a better running time.
•

PRAM(m)
PRAM(m) is a variant of the PRAM where the shared memory size is limited to

m. It has been pursued by many researchers in [76,63,2,3,4,125]. Unlike the unbounded
shared memory size in the unrestricted PRAM, the small size m of the shared memory
relative to the number p of processors restricts the number of messages that can be
concurrently accessed. The reason to develop this model is that many existing parallel
machines allow a relatively low level of communication throughput (CT for short) while
many parallel algorithms developed appear to need a relatively high level of CT. There
appears to be a typical gap between some algorithmic needs and the capability of many
computer systems concerning CT. Since increasing CT may be very expensive, it makes
sense to use the PRAM(m) model to quantitatively analyze CT and how the efficiency of
an algorithm can be affected by a limited communication channels.
In [76], a case is studied in which the size n of a problem is relatively big
compared to the number p of processors. With PRAM(m), the lower bound of running
time for concrete problems such as the list reversal, sorting, finding unique elements,
convolution, or universal hashing is established as Ω(n/ mp ). Also, a nearly optimal
algorithm for the list reversal problem is derived. Since such a problem can be solved in
O(1) time on a PRAM with n processors and n shared memory locations, this indicates
- 23 -

that it may be very inefficient to implement a high-CT algorithm on a low-CT parallel
system. It may further imply that parallel computers with a low-CT level will be
handicapped as general purpose computing systems.
The PRAM(m) model has been compared to other limited communication
bandwidth models such as BSP and QSM. Both BSP and QSM will be discussed in
Section 2.4 in more details and are two typical general-purpose parallel models with
parameters to measure the communication limitation. BSP deals with message passing
and barrier synchronization while QSM is focused on shared memory and concerns
memory contention. By using an aggregate parameter m as the global communication
restriction, QSM(m) is a variant of the QSM model that can only handle at most m global
messages in one step [3,63]. It is shown that one step of the CRCW PRAM(m) can be
simulated on the QSM(m) in time O(p/m) provided m = O( p1-ε ) and 0 < ε < 1. Even if
every processor in the QSM(m) model is given the entire input in advance, the CRCW
PRAM(m) is faster than the QSM(m) by a factor of Ω(

p log m
m log p

). Consider the only

difference of latency parameter L between QSM and BSP, this simulation can be
transferred to BSP(m). (BSP(m) is defined in the same way as a variant of BSP. )
•

Phase PRAM
The PRAM assumes that processors execute in synchronously, which causes

difficulties in mapping PRAM algorithms onto realistic asynchronous MIMD machines.
Supporting a synchronous model such as PRAM on an asynchronous machine is
inherently inefficient since the ability of the machine to run asynchronously is not fully
exploited and there is a (potentially large) overhead in synchronizing processors as part
- 24 -

of each instruction. These observations have resulted in some asynchronous PRAM
models being proposed [34,48,90] as variants of the PRAM. Unlike PRAM, the
processors of an asynchronous PRAM run asynchronously, i.e., each processor executes
its instructions independently of timing of the other processors. There is no global clock.
The Phase PRAM is one such model that is defined by Gibbons in [48]. It
considers that a computation is a series of global, program-wide phases in which the
processors run asynchronously separated by synchronization steps that involve all the
processors. The processors cannot begin their next phase until the synchronization step
has completed. Consider a phase that is followed by a synchronization step among a set S
of processors. The cost of a synchronization step is B(p), a non-increasing function of p
where p = |S|. The running time of a program is defined to be the maximum over all
processors of the completion time for its local program.
This definition leads to different time complexity for some algorithms for Phase
PRAM, when compared to their PRAM versions. For example, the prefix sum
computation runs on a n EREW PRAM in O(log n) time in binary tree fashion. By
inserting a synchronization step after each PRAM read or write step, an EREW Phase
PRAM algorithm for prefix sum rums in O(B log n) time. Generally, a PRAM algorithm
running in time t using p processors can be simulated by a Phase PRAM algorithm
running in time O(Bt) with p/B processors. Also, a Phase PRAM algorithm using p0
processors and running in time t+B(p0 )s, where s is the number of synchronization steps,
can be simulated by a Phase PRAM using p < p0 processors in time O((p0 /p)t + B(p)s).
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•

XPRAM
XPRAM is an extension of the PRAM family that was proposed by L. G. Valiant

in [123,124]. It is essentially an early version of the BSP model that we shall discuss
later. An XPRAM with p processors performs its execution in supersteps. In each
superstep each processor executes a number of local instructions and sends or receives
some messages that implement global read or write instructions. In an execution of a
superstep, suppose that processor i performs ai local operations, sends bi messages and
receives ci messages from other processors. Assume that each local operation takes unit
time, while typically each global operation takes time g ≥ 1. Let ri = g

-1 ai

+ bi + ci .

Then if t = max{ri }, the runtime of this superstep is considered to be that of (t/L)L
standard global operations, or time (t/L)Lg, where L is the periodicity parameter All
the processors know whether a superstep is complete or not at the end of each period of L
global operations. Within each such period, however, there is no synchronization among
the processors.
A primary goal for XPRAM is to capture communication costs by charging a
higher cost for global reads or writes than PRAM so as to make its predicted
asynchronous communication cost more realistic than PRAM does. It embodies the
principle of bulk-synchrony, that is, the processors should be barrier synchronized at
regular time intervals. A time interval is defined to be long enough for several packets to
be transmitted between a pair of processors.
Simulations of EPRAMs (EREW PRAM) and CPRAMs (CRCW PRAM) with
XPRAM are given in [124]. These simulations have been shown to be optimally efficient.
- 26 -

This means that there is a fixed constant such that, if an algorithm is running on the
simulating model with cost c1 and is running on the simulated model with cost c2 , the
difference between c1 and c2 is less than this fixed constant.
•

QRQW PRAM
The Queue-Read Queue-Write (QRQW) PRAM model was proposed by Gibbons

et al. in [50]. This model solves the memory access contention issues in the PRAM by
adding queues for each of processors as queued-read and queued-write.
There are two QRQW models defined. One is the SIMD-QRQW PRAM, running
in the lock-step style on SIMD machines. The other is QRQW PRAM, running in bulksynchronous on MIMD machines. A single step of a PRAM consists of a read operation,
a compute operation, and a write operation. The maximum contention of the step is the
maximum, over all locations x, of the number of processors reading x or the number of
processors writing x. As a boundary case, a step with no reads or writes is defined to have
maximum contention of 1. The time cost for a step with maximum contention k is k. The
QRQW-PRAM model consists of a number of processors, each with its own private
memory, communicating by reading and writing locations in a shared memory. The
processors execute a sequence of synchronous steps, each consists of three substeps:
processor i reads ri shared memory locations (read); processor i performs ci local RAM
operations (compute); processor i writes wi shared-memory locations (write). Concurrent
reads and writes to the same location are permitted in a step. In the case of multiple
writes to a location x, an arbitrary write to x succeeds in writing the value in x at the end
of the step. If its maximum contention is k, let m = max{ri , ci , wi }, then the time costs
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for the step is max{m, k}. The time of a QRQW PRAM algorithm is the sum of the time
costs for its steps.
A p-processor QRQW PRAM algorithm running in time t can be simulated on a
pt-processor SIMD-QRQW PRAM in time O(t) [50]. In addition, simulations between
other variants of the PRAMs and QRQW PRAM have been discussed. From CRCW
PRAM to QRQW PRAM, there exists Ω(log n) time cost; and from SIMD-QRQW
PRAM, there exists Ω( log n ) time cost. Hence, relationships between these models are
established as follow, EREW PRAM ≤ SIMD-QRQW PRAM ≤ QRQW PRAM ≤
CRCW PRAM where "≤ " is read as "is weaker than".
Comparison and simulations of QRQW PRAM to BSP (discussed in Section
2.4.1) have been given in [50,3]. A p-processor QRQW PRAM algorithm (or SIMDQRQW PRAM algorithm) running in time t, where t is polynomial in p, can be simulated
on a (p/log p)-component BSP(g, L) model in (tlog p) time with high probability, when g
is a constant and L is Θ(log p).
•

Broadcasting with Selective Reduction (BSR)
Another shared memory model is Broadcasting with Selective Reduction (BSR),

which is also basically an extension of the PRAM. It was first proposed by Akl in
[8,9,11]. It consists of N processors numbered 1, 2, …, N, sharing M memory locations
u1 , u2 , …, uM . The model has all of the features of CRCW PRAM. In particular, during
the execution of an algorithm, several processors may read from or write into the same
memory location simultaneously, such that each processor accesses at most one location.
However, an additional type of memory access is permitted in BSR, namely, a
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BROADCAST instruction, by means of which all processors may access all memory
locations at the same time for the purpose of writing. At each memory location, a subset
of the incoming broadcast data is selected and reduced to one value (using an appropriate
reduction operator such as minimization) and this value is finally stored in the memory
location. The selection process is carried out as follows. Along with each data item di , a
tag ti is also broadcast, while each memory location ui is associated with a limit lj . A
selection rule ξ (e.g., <) is used to test the condition ti ξ lj : if the latter is true, then di is
selected for reduction; otherwise, dj is rejected. This is done simultaneously for all
broadcast data di with 1≤ i ≤ N, and all memory locations uj with 1≤ j≤ M.
The BSR model is a PRAM augmented with an additional form of concurrent
access to shared memory. The feature that distinguishes BSR from other models is the socalled BROADCAST instruction that is executed in three constant-time phases:
1. Broadcast phase, in which each processor broadcast a data item
2. Selection phase, in which a subset of the broadcast data is selected for each
memory location if they meet a predefined selection rule
3. Reduction phase, in which the subset of data, selected in Phase 2, is reduced to
one value and stored in that location
The BROADCAST instruction is assumed to require only O(1) time, so it is
equivalent to M CW instructions of a PRAM with the same number of processors and
memory locations, since this kind of memory access in the PRAM would require O(M)
time. This shows that BSR is strictly more powerful than the PRAM.
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Possible implementations of BSR, e.g., the particular memory access unit (MAU)
design, have been discussed in [9,11]. They include using memory buses, using a mesh of
tree and using a circuit for sorting and prefix computation. With this model, a variety of
problems have been solved in constant-time, such as prefix sums, element uniqueness,
sorting, maximal subsequence in one or two dimensions, and convex hull. However,
algorithms on PRAM for these problems usually require non-constant time.
2.2. Network-based models:
Another way for processors to communicate is via direct links connecting them,
with no shared memory. Instead, the memory locations are more realistically distributed
among the all processors as local memory belonging to individual processors. If any
processor wishes to access the local memory of another processor, it has to route the data
via a network. Depending on the structure and topology, there are different classifications
of the interconnection networks. A detailed description can be found in [11]. In Table 2.1,
we list them based on their two primary criteria, i.e., degree and diameter. Degree is the
maximum number of neighbors of a processor, and diameter is the longest distance
between all pairs of processors in a given network, where the distance of a pair of
processors is the number of links on the shortest path between the pair. The network
models can also be either synchronous or asynchronous. These two groups of network
models are very distinct and have different characteristics. The types of algorithms
designed for these groups are also very distinct and involve different issues.
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Network

Degree

Diameter

Linear Array

2

O(N)

Mesh

4

O(N1/2 ))

Tree

3

O(log N)

Mesh of Trees

6

O(log N)

Pyramid

9

O(log N)

Shuffle-Exchange

3

O(log N)

Hypercube

O(log N)

O(log N)

Cube-Connected Cycles

3

O(log N)

De Bruijn

2d

K

Star

m-1

O(m)

Table 2.1 Degree and diameter of the network topologies

2.3 Bus-based models
Among network-based models listed in last section, the mesh model is a
particularly attractive model for parallel computation. Its advantages include regular
structure and simple interconnection topology, which make it particularly suitable for
VLSI implementation. However, a serious disadvantage of the mesh is its large diameter.
For example, a n × n mesh takes Θ( n ) time to route a data item in the worst case.
In order to overcome this disadvantage, researchers have considered a variety of
enhancements for the mesh model. One such approach is to add buses and give the
processors the ability to broadcast data over buses. Such meshes are bus-based models
and we referred them to as enhanced meshes. At any given time, only one processor is
allowed to broadcast an item on a bus. The data will be read by all of the remaining
processors on that bus in O(1) time.
The two types of electronic buses used for enhanced meshes are fixed buses and
reconfigurable buses. A mesh can be enhanced with a fixed bus using the single global
bus model in which all processors are connected to a single bus [11,31]. Another fixed
mesh model is the mesh with multiple buses (MMB) in which the basic mesh architecture
is enhanced with row and column buses (see Figure 2.1) [27,28,32,92,100,101,112]. At
each step, broadcasts can occur along one or more rows or else along one or more
columns. The row and column buses cannot be used in the same step. The reconfigurable
bus models allow buses to be created dynamically on the mesh while an algorithm is
executed (Figure 2.2) [25,39,78,85,86,88,91,114,127]. The number, connection, and
length of these buses are not fixed and are created by the algorithm as needed. Let each
processor have four ports, referred to as N, S, E, and W. By setting local connections
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between pairs of such ports, several disjoint subbuses can be established. The model that
allows up to two disjoint pairs of ports to be connected is referred to as the general
reconfigurable mesh (RM).

Figure 2.1 Mesh enhanced with row and column buses

N
E

W
Figure 2.2 Mesh with reconfigurable buses

S

Figure 2.3 An example of BRM with row subbuses

If every processor in a RM may set at most one connection involving one of the
reconfigurable pairs {N, S} or {E, W} of ports, we have a restricted RM that is called the
basic reconfigurable mesh (BRM), as defined in [71]. An example of BRM is shown in
Figure 2.3.
Simulations between enhanced meshes and CRCW PRAM has been given in [71].
The authors show that a n × n MMB can be simulated by a CREW PRAM(n, m) in
O(1) time with O(n) extra memory. Similarly, if α denotes the inverse Ackermann
function, they show that a n × n BRM can be simulated by a Common CRCW
PRAM(n, m) with O(α(n)) extra time and O(n) extra memory.
Another way to augment a network-based model is using an optical bus. An
optical bus allows multiple processors to broadcast data on the bus simultaneously and
each data can have one or more destinations. These models provide a much wider
bandwidth for data transmission than the electronic bus. This capability provides a
completely new technique for parallel algorithm design. Since it is not related to our
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current research work, additional details are omitted in this dissertation and can be found
in [11, 70].
2.4. Recently proposed general-purpose models
Both shared-memory models and network-based models have their advantages
and disadvantages. The shared-memory model has its major drawback in the fact that
there is no way to assign costs for communication between processors that enables
accurate performance prediction of realistic machines. The network-based model seems
to be better suited to measuring both computation and communication costs. However, it
also has two drawbacks. First, it is difficult to describe and analyze algorithms for the
network models, in which routing steps are asynchronous and can involve congestion,
making prediction of running time difficult. Second, the network model depends heavily
on the particular topology under consideration. Different topologies may require
completely different algorithms to solve the same problem. This prevents algorithms
being general enough and software being portable enough across a wide range of
architectures. As a result, no single parallel model has yet dominated parallel
computation in the way that the von Neumann model has dominated sequential
computation so far.
In recent years, there have been a few models for general-purpose parallel
computation proposed [35,49,123,124]. Among these, BSP [123,124] and LogP [35] have
attracted most attention from researchers. We discuss them first, and then describe QSM,
another general-purpose parallel model [49]. Finally, we give comparison among the
three models, along with their relationships to the PRAMs.
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2.4.1

BSP (Bulk-Synchronous Parallel) Model
The BSP model was first put forward by Valiant [123]. It is suggested as a

candidate for a universal model for parallel computation. It arguably provides a robust
model on which to base the future development of general-purpose parallel computing
systems [29,47,62,104,123]. A BSP computer consists of three major components:
1. A set of processor-memory pairs, each performing processing and/or memory
functions
2. A communication network that transmits messages between processor-memory
pairs in the manner of point-to-point.
3. A mechanism performing efficient barrier synchronization of all or a subset of the
processors at regular intervals.
A time step is defined to be the time required for a single local operation such as
addition or multiplication on local data values. The performance of a BSP computer is
predicted using the following three parameters:
p: the number of processors
l: the time interval for synchronization (i.e., minimal number of time steps between
successive synchronization operations)
g: the ratio of the total number of local operations performed by all processors in one
second to the total number of words delivered by the communication network in
one second
A computation consists of a sequence of parallel supersteps. During a superstep,
each processor is allocated a task consisting of some combination of local computation
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steps, message transmissions and (implicitly) message arrival from other processors.
Each superstep is followed by a global check (barrier synchronization) to determine
whether the superstep has been completed by all the components. If synchronized, the
machine proceeds to the next superstep. Otherwise, the next period of a fixed number of
time units is allocated to the unfinished superstep. In this model, the tasks of computation
and communication are separated. The basic task of the communication router is to
realize arbitrary h-relations, which means that each component in a superstep sends and
receives at most h messages. Varied algorithms that have been developed for the BSP
model, including broadcasting, prefix sum, and sorting, can be found in [47,123].
The BSP model has been advocated to be a bridging model between software and
hardware in parallel machines, that is, between abstract models for algorithm design and
realistic parallel architectures. This approach is supported in [123,124] by providing both
efficient simulations (on an average) of the BSP model on hypercube networks
(synchronous) and of the EREW PRAM (synchronous) model on the BSP. In particular,
it is shown that the EREW PRAM can be simulated efficiently with logarithmic
slowdown on the BSP model. It is also shown that the BSP can be simulated efficiently
with a constant slowdown on the multiport hypercube (on an average). In the multiport
hypercube with p nodes, each node can receive a message on each of its log p incoming
wires and route them along the appropriate outgoing wires in constant time (with the
constraint that at most one message can be sent along each outgoing wire). In order to
hide the latency, synchronization, and memory granularity overheads occurring in the
simulation, the choice l = Θ(log p) and g = Θ(1) can be used in the BSP. Besides the
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above simulation between EREW PRAM and BSP, the most powerful model of PRAMs,
CRCW PRAM, is also simulated on BSP. It is shown in [123,124] that if v = p1+ε for any

ε > 0, a v-processor CRCW PRAM can be simulated on a p-processor BSP machine with
l ≥ log p in time O(v/p) (where the constant multiplier grows as ε diminishes.) Table 2.2
gives average time costs of simulating the PRAM family using BSP.
Simulated
Model

Simulating
Model

Simulation
Slowdown

EREW PRAM

BSP(g, l)

≥ max(log p, l /g)

[123,124]

QRQW PRAM

BSP(g, l)

≥ max(log p, l /g)

[50]

CRCW PRAM

BSP(g, l)

≥ max(p1+ε , l /g)

[123,124]

Ref.

Table 2.2 Simulations between PRAMs and BSP

2.4.2 The LogP Model
Proposed by D. Culler et al. in 1993 [35], the LogP model is a model of a
distributed-memory multiprocessor in which processors communicate by point-to-point
messages. It uses several parameters to describe the performance characteristic of the
interconnection network, but does not specify the structure of the network. These
parameters in the LogP model are:
L: an upper bound on the latency, or delay, incurred in transmitting a message
containing a word (or small number of words) from its source module to its target
module
o: the overhead, the length of time that a processor is engaged in sending or receiving
of each message. During this time, the processor cannot perform other operations
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G: the gap, the minimum time interval between successive message sending or
successive message receiving at a processor. Thus, the reciprocal of G corresponds
to the available per-processor communication bandwidth
P: the number of processor/memory modules
In a LogP model, at each step a processor can be either operational or stalling.
When operational, a processor can execute an operation on local data, send a message, or
receive a message. Conceptually, for each processor there is an output register
temporarily holding a message that is to be submitted to the communication network. The
preparation of a message for submission requires o time units. Once submitted, a message
is accepted by the network, possibly with some time elapsed, eventually delivered to its
destination processor. Between the submission and acceptance of a message, the sending
processor is assumed to be stalling. When a submitted message is accepted, the
submitting processor reverts to the operational state.
Although the exact delivery time of a message is unpredictable, the model
guarantees that the message arrives at its destination at most L time steps after its
acceptance. In order to capture network capacity limitations, the model requires that any
time there are no more than L/G messages in transit for the same destination (capacity
constraint). Therefore, the parameter G corresponds to the reciprocal of the maximum
message injection (hence reception) rate per processor that the communication network
can sustain, while parameter L provides an upper bound on network latency when the
system is operating within capacity.
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Algorithms such as broadcasting and summation have been developed for the
LogP model [35,64,62]. These algorithms are substantially different from those
developed for the PRAM model and others. For example, the single item-broadcasting
problem can be optimally solved in the LogP model by using a Fibonacci-type
broadcasting tree. Most of the described algorithms are quite involved and require lowlevel handling of messages.
2.4.3

Comparison of the two models
For the BSP and LogP models both, the communication capabilities of the

machine are summarized by a few parameters that broadly capture the bandwidth and
latency properties. However, there are significant differences between the two models.
For BSP, its fundamental features are global barrier synchronization and the routing of
arbitrary message sets. For LogP, it lacks explicit synchronization but imposes a more
constrained message-passing style to keep the load of the underlying communication
network below a specified capacity limit. Intuitively, BSP offers a more convenient
abstraction for algorithm design and programming, while LogP provides better control of
machine resources.
Comparisons and evaluations between the two models have been made in
[29,62,104]. In [29], a variant of LogP that disallows the so-called stalling behavior is
considered. The authors create cross simulations between the two models showing their
equivalence in algorithmic design when using asymptotic analysis. A non-stalling
LogP(L, o, G, P) algorithm can be simulated on BSP(l, g) with slowdown O(1+g / G + l /
L). When l = Θ(L) and g = Θ(G), the slowdown is constant. On the other hand, a BSP
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superstep involving at most w local operations per processors and the routing of an hrelation can be simulated in non-stalling LogP with worst-case time O(w + (Gh + L)S(L,
G, p, h)). Here S(L, G, p, h) is a function of L, G, p, h with the value of O(1) when h =
Ω(pε +L log p) and O(log p) otherwise. This indicates that, when the bandwidth and
latency parameters have the same value in both models, BSP can simulate LogP with
constant slowdown and LogP can simulate BSP with at most logarithmic slowdown.
Hence, within the asymptotic limits, BSP and non-stalling LogP can be viewed as closely
related variants within the bandwidth-latency framework for modeling parallel
computation. BSP seems somewhat preferable due to its greater simplicity and
portability, and slightly greater power.
Recently, the authors of [104] improve the above results to the stalling LogP
model. A non-stalling LogG algorithm can be simulated deterministically efficiently on
BSP with slowdown l/L. However, for a stalling LogP, any deterministic step-by-step
simulation of LogP on BSP can have arbitrary large slowdown and there is no
deterministic step-by-step simulation of stalling LogP on BSP that is efficient.
It has also been shown that the two models can be implemented with similar
performance on most point-to-point network [29,35,62,123]. BSP could outweigh the
advantages by more convenient programming abstraction and better software portability.
On the other hand, BSP assumes special hardware support to synchronize all processors
at the end of superstep. This may not be available on many parallel machines, especially
in the generality where not multiple arbitrary subsets of the processors can synchronize.
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Instead, LogP does all synchronization by messages, although at a higher cost but more
realistically.

2.4.4

QSM (Queuing Shared Memory) Model
Instead of message passing, the QSM (Queuing Shared Memory) model [49,104]

is based on shared memory. It employs the QRQW strategy mentioned in Section 2.1.2
and has been further extended towards a general-purpose parallel model. It provides one
more parameter, g (≥ 1), to reflect the limited communication bandwidth on most parallel
machines. Here g is the communication bandwidth gap, i.e., the rate at which processors
can perform local operations divided by the rate at which the processors can perform
inter-processors or processor-memory communication. Instead of charging the time cost
for a step as max(m, k) as a QRQW PARM does, it charges the time cost as follows. Let
mop = max{ci }, mrw =max{1, maxi {ri , wi }} in one step (defined as the same as QRQW
PRAMs). The time cost for the step is max{mop , g* mrw , k}.
Besides dealing with memory contention as QRQW PRAM does, QSM also
accounts for limited communication bandwidth while providing the shared-memory
abstraction. This QSM model is intended to take advantages of shared-memory and serve
as a bridging model by providing efficient simulations on both the BSP, and the LogP
[49,104]. The results are included in the summary of next section.

2.4.5

Summary of relationships among the models
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Table 2.3 summarizes the relationships among all of the above three models, where l
and g are parameters for BSP; L and G are parameters for LogP; G is also assumed for
QSM; and p is the number of processors assumed for all of the models.
Simulating Model
Simulated
Model

BSP

BSP

LogP(stalling)

QSM

O(log 4 p +(L/G) log 2 p)
[104]

O(G log p/l )
[49]
O(G log p/L )
[104]

LogP
(nonstalling)

O(1+g/G + l/L)
[29, 104]

1

QSM

O((l/G) + Glog p)
[49]

O(log4 p+(L/G)log2 p+G log p)
[104]

Table 2.3 Simulation results of BSP, LogP and QSM

Chapter 3
The MASC (Multiple Associative Computing) Model
As summarized in last chapter, a number of parallel computation models have
been proposed during past decades. Even though a few of them are claimed to work for
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general parallel computation, none of these models have been efficiently suited to capture
associative/SIMD computation well. This is because none of these models have been
defined with strict synchronous execution and instruction-level associative properties.
Due to broadcast, SIMD computation is very fine-grained and it usually intermingles
computation and communication. This feature has not been well captured by other
models either. On the other hand, associative SIMD computers have existed since 1970s.
They have been used efficiently to solve many problems in various fields. In order to
accurately describe associative SIMD computation performed in these computers, the
MASC model was proposed by Baker and Potter at Kent State University [99].
In this chapter, we introduce a formal definition of the MASC model and its
properties. The original information for this part can be found in [99]. We give them here
for the purpose of completion of presenting our research work. Following the definition
of the MASC model and its properties, we discuss previous related work on the model.

3.1. The MASC model
The MASC (stands for Multiple ASsociative Computing) model is a generalized
associative-style computational model for parallel computation. Motivated from the
associative computers STARAN and ASPRO that were successfully built by Goodyear
Aerospace in the early of 1970s and 1980s, this model has been developed at Kent State
University to be a practical model. The MASC model applies the concept of associative
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computing to support not only data parallelism but also control parallelism. Thus it
provides a complete paradigm that can be used for general-purpose parallel computation.
It is a model that is easy to program, highly scaleable and currently buildable. Essentially,
the MASC model is a multiple SIMD (or MSIMD) type model that operates
synchronously. In the MASC model, one or more instruction streams are allowed. Each
of these instruction streams is sent to a unique set in a dynamic partition of processing
elements (PEs). This allows a task currently in execution to be partitioned into multiple
tasks using control parallelism. The associative feature of the model allows data in the
local memories of processors to be located by content rather than by address.
As shown in Figure 3.1, the MASC model consists of an array of processing
elements (PEs) and one or more instruction streams (ISs). A PE essentially acts as an
ALU (Arithmetic and Logic Unit) in a conventional computer, as it does not store any
copy of a program, neither decoding nor executing the program independently. Each PE,
paired with its local memory, is called a cell. (In this thesis, we exchange to use PEs and
cells when there is no conflict involved.) The array of MASC machine with n PEs and j
ISs is written as MASC(n, j). Normally, j is expected to be much smaller than n. Each PE
is capable of performing local arithmetic, logical operations, and the other usual functions
of a conventional processor other than issuing instructions. There are three real or virtual
networks; namely, a PE network used for communications among PEs, an IS network
used for IS communications, and a broadcast/reduction network between ISs and PEs
used for communication between an IS and a set of cells.

Cells

Memory
C
E
L
L

Memory

-PE
43 PE

IS

I
S

N

Figure 3.1 The MASC model

3.2. Properties of the MASC model
A detailed description of the MASC properties can be found in [99]. Here we
briefly list them as a summary.
Cell properties
A cell is composed of a PE and its local memory. Each PE can only access its
own local memory and shares no memory with other cells. PEs may obtain data stored in
other cells either from the IS broadcast network or from the (synchronous) cell network.
IS properties
An IS is logically a processor with a bus connection to each cell. Each IS has a
copy of the program being executed and issue an instruction to the cells that listen to by
broadcasting. Each cell listens to only one IS at any given time and initially all cells listen
to the same IS. A cell can switch to another IS in response to commands from the current
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IS. A cell can is active, inactive, or idle. An active cell executes the program issued from
the IS to which it is currently assigned while an inactive cell listens to but does not
execute these instructions. An idle cell contains no data needed. All idle cells are
managed by a special IS and may be reassigned to some IS later. An IS can instruct any
of its inactive cells to become active again. By issuing multiple instruction streams
simultaneously, the MASC model supports control parallelism in a synchronous manner.

Associative properties
Assuming the word length is considered to be a constant, the MASC model
supports the global reduction operations of OR and AND of binary values and of
maximum and minimum of integer or real values for each IS and its active PEs in
constant time. Additionally, the MASC model supports a constant time associative search
(assuming the word length is a constant) due to data in the local memories of processors
to be located by content rather than by address. The cells whose data values match the
search pattern are called responders and the unsuccessful ones are called non-responders.
The IS can activate either the responders or the non-responders. Each IS can select (or
''pick one'') arbitrary responder from the set of active cells in constant time. This IS can
also instruct the selected cell to broadcast a data item on the bus and all other cells
listening to this IS receive this value in constant time.
Following this chapter, Chapter 4 will be dedicated to analyze why these
associative operations can be justified to take constant time.

3.3. Previous work on MASC
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A large amount of research work has been done for the MASC model. It has
involved in multiple research projects such as developing programming techniques,
designing MASC algorithms, model simulations, associative instruction implementation,
etc.
A declarative associative language called ASC has been implemented for
MASC(n,1) on many platforms including Goodyear's STARAN, Goodyear/Loral/MartinMarietta's ASPRO, WaveTracer, and Thinking Machine's CM-2, and provides true
portability for parallel algorithms[98,99]. In addition, an efficient ASC simulator has
been implemented on both PCs and workstations running UNIX. It provides an efficient
and easy way to design programs for algorithms that primarily utilize data parallelism
while retaining the MASC associative properties.
A wide range of different types of algorithms and several large programs has been
developed, analyzed, and implemented using ASC language. Some examples of
algorithms are as the following. In [98], an optimal algorithm is given for a minimal
spanning tree for an undirected graph. In [13,14], MASC versions of different convex
hull algorithms have been designed and analyzed; they have optimal average costs. In
[37], a MASC string matching algorithm is given that supports variable length “don’t
care” symbols (VLDC), using MASC with one IS and a linear network. This algorithm
has the same lowest cost as established by other well-known parallel algorithms (using
EREW PRAM). In addition, it has the unique feature of identifying all continuation
points after each “don’t care” character. More than the above algorithms, many other
algorithms have also been analyzed in various application fields such as graph
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algorithms, image processing, database management programs, compiler optimization,
and air traffic control task processing [98,99,102, 82,83,84].
Previous MASC simulations include simulation of PRAM with MASC [117,119]
and self-simulation [118,119]. Let MASC(n,j) denote a MSC with n PEs and j ISs and
PRAM(n, m) denote a PRAM with n processors and m shared memory locations. Without
a cell network, MASC(n, j) can simulate priority CRCW PRAM(n, O(j)) in constant time
with high probability. Also, MASC(n, 1) can simulate priority CRCW PRAM(n, m) in
constant time when m is a constant number. Using both network algorithms and ISs to
move data, MASC(n, j) can simulate priority CRCW PRAM(n,m) in O(min{n/j, m/j,
route(n)}) with high probability, where route(n) is the average time for a general network
routing. The self-simulation ability of MASC also allows the model to support a virtual
machine with more PEs and ISs than are actually available. MASC(n, j) can simulate
MASC(N,J) in O(N/n + J) extra time and with O(N/n + J) extra memory, where N ≥ n
and J ≥ j. This has established that MASC algorithms are highly scaleable.
Implementation of associative processing and associative operations at the
instruction-level has also been explored in [126,129,131]. Using field-programmable
logic device (FPLDs), the authors of [126] designed an initial version of an associative
processor based on the earlier the STARAN computer but being updated with modern
design practices. The design consists of an associative array of 8-bit RISC PEs, operating
in byte-serial fashion with one IS. It can execute assembly language code produced by a
machine-specific back-end compiler. Furthermore, experiments on implementing
associative instructions including associative search and responder resolution have been
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shown in details in [131]. The authors of [129] have explored how to implement ASC in
regard with scalability. The research work on the hardware implementation has provided
very useful information about building the MASC machine using modern VLSI hardware
design technology.

Chapter 4
Timings for Associative Operations on the MASC Model

4.1. Introduction
As mentioned in Chapter 3, a large amount of research work has been undertaken
for the MASC model. However, it has been long noticed that some of the research on the
MASC model has identified certain important issues regarding the cost assigned to basic
associative MASC operations such as the broadcast and reduction operations. Both the
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accuracy of the cost assigned to these operations and its fairness with respect to the costs
assigned on other parallel models are extremely important, as they determine the
accuracy of the comparison between MASC and other models. Likewise, the accuracy
and the fairness are essential in determining the ability of MASC to efficiently support
applications in different areas, both for programming and complexity analysis of
algorithms. In making fair cost assignments, it is necessary to consider the theoretical
asymptotic rate of increase in the cost that occurs as the data size increases. However, it
is equally important to also consider how these operations can be implemented in
hardware and the running time of the implementations of these operations. The
theoretical asymptotic rate of increase, together with the running times for hardware
implementations can be used to produce graphs that project feasible running time for an
operation on data sets of varying size. When this graph is bounded above by a small
constant even when the number of processors exceeds what is considered to be feasible in
the foreseeable future, we explore the option of assigning a constant running time to these
basic MASC operations.
In this chapter, we investigate these issues based on the implementation details of
Goodyear’s STARAN, which is the architectural ancestor of the MASC model. Its
broadcast/reduction network that was designed by K. Batcher [18,19,21,23] is the basis of
our work in this chapter. We will discuss and analyze comparative fairness for the
timings of certain basic operations on the MASC with respect to those on other parallel
models.
This chapter is organized as follows. Section 4.2 presents motivation for the
research on timings of MASC. Section 4.3 describes the hardware implementation from
STARAN to support these basic operations. Section 4.4 discusses the individual
operations based on the implementation facts. Section 4.5 compares the costs of these
basic operations on other models and addresses the issue of what costs should be assigned
to MASC when it is compared (using simulations) to the related models. The last section
is a summary.

4.2. Motivation for research on timings of MASC
When we assume that the word length is considered to be a constant, the MASC
model supports the following important constant time operations for an IS:
• Broadcasting an instruction stream or a data item to the set of PEs listening to the IS
•

Global reduction of a binary value stored in each active PE using logic OR or AND

•

Global reduction of an integer (or real) value stored in each active PE using
maximum or minimum

•

Associative search to find the cells whose data values match the search pattern (called
responders) or do not match the search pattern (called non-responders)
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•

The AnyResponder operation to determine if there is any existing responder after an
associative search

•

The PickOne operation to select (or "pick") an arbitrary responder from its set of
active PEs

These basic operations are fundamental to support the associative style of
computing. With more advanced research on MASC involving in algorithm complexity
analysis, especially comparative to other parallel models, the MASC timings, in
particular, with those involving constant time operations have drawn more attention and
been questioned. While these constant time assumptions were initially viewed as "selfevident", it is now important to provide justification for them. The correctness of the
timings assigned to each of these operations depends on both possible hardware
implementations and comparative fairness with respect to other parallel models. While
other hardware implementations are possible, we will establish the feasibility of
implementing a bit-serial broadcast/reduction network that support these operations. .
Also, we will analyze the fairness of the costs assigned to these operations with respect to
the costs assigned on other well-accepted models such as RAM, PRAM, and bus-based
architectures. We will discuss these topics in the following sections.

4.3.

Broadcast/reduction network
In this section, we take a close view on a possible hardware implementation of the

broadcast/reduction network based on the STARAN computer [18,19,80,107], which is
the architectural motivation for the MASC model. The STARAN was an associative
SIMD computer with 512 to 4096 PEs, depending upon the size of a particular
installation. The STARAN was built in the early 1970’s and the ASPRO [74], its
architectural descendent, was built in 1980’s by Goodyear Aerospace. Currently, the
ASPRO is produced by Martin-Marietta and is used by the U.S. Navy. Their hardware
implementation of associative operations through the broadcast/reduction network
provides a possible implementation for these basic associative operations on the MASC
model.
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The broadcasting/reduction network on the STARAN is constructed using a group
of resolver circuits [23,18]. A N-PE resolver consists of N PEs labeled PE0 , PE1 , …,
PEN-1 and each PEi has a responder bit Ri that is equal to 0 or 1. The resolver is
designed to be able to tell each PE whether or not any earlier PE has a responder bit equal
to 1. Thus for each i, it computes Vi = R0 ∨ R1 ∨ R2 ∨… ∨ Ri-1 , where ∨ is the logicOR operator and 0 < i ≤ N. The resolver also sends VN to the control unit to tell it
whether or not any responder bits are set to 1. A 4-PE resolver is illustrated in Figure 4.1.
In practice, by using the parallel prefix idea, a resolver for N PEs can be built as a
log4 (N)-level tree of 4-PE resolvers. Each leaf represents a PE and the PEs are
partitioned into groups of 4 PEs, which are fed into the first level of 4-PE resolvers. A
reduction operation is executed by sending the signals down the tree to the PE leaves and
then back up to the root of the tree to obtain the final result, while accumulating partial
results in middle. Obviously, the delay from any input to any output is at most (2 log4 N 1) gates. A 16-PE resolver tree is shown in Figure 4.2.
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PEi+1
R

Vi

R
Ri

Vi+1

PEi+3

PEi+2
R
Ri+1

Vi+2

R
Ri+2

i=i-1
Vi =

V (Ri)
i=0

Ri ∨ Ri+1 ∨Ri+2
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Vi+3

Ri+3

Figure 4.1 A 4-PE resolver with at most an 1-gate delay from any input to any output

PEi+15

PEi

4-PE Resolver

4-PE Resolver

4-PE Resolver

4-PE Resolver

4-PE Resolver

Vi

Ri ∨ Ri+1 ∨…∨Ri+15

Figure 4.2 A 16-PE resolver with at most a 3-gate delay from any input to any output

4.4.

Discussion on the basic operations

In this section, we discuss the timings on the individual basic MASC operations
given in Section 4.2.
We consider broadcasting first. Broadcasting on bus-based architectures provides
a fast way to transmit data between processors that are far apart. The assumption that an
arbitrary subset of broadcasts on a bus-based architecture can occur in constant time,
regardless of the number of processors or the length of buses, has been generally
accepted in the literature [5,25,27,31,32,71,72,75,79,85,92,100,101,112,113]. This
provides consistency among researchers in the field and is supported by experimental
evidence even for very large architectures by today's standards [77,96]. For example, in
today’s architectures with at most tens of thousands of processors, the time to broadcast a
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data item over a bus is usually no more than that to perform a basic operation such as an
addition by a sequential processor. Hence it can be bounded within one or a few machine
cycles [25,96]. This constant time assumption for broadcasting greatly simplifies
calculation of running times of algorithms and comparison of various models without loss
of prediction accuracy. 1
Based on the preceding paragraph, we assume the timing for a broadcast on the
MASC model from an IS to its PEs to be constant. On the MASC model, broadcasting is
used to send an instruction stream from an IS to its PEs and transmit data between these
PEs. Broadcasting a bit or a word on the MASC model is performed through the
broadcast network.
Practically, the broadcast network may be implemented as a separate network
from the reduction network yet with the same structure (like in the STARAN), or they
may share the same network. It is easy to observe that it takes log4 N gate delay for a bit
to travel from the root of the tree network to the N PE leaves at the bottom. Recall that
the time required for broadcasting on a bus-based architecture increases linearly with
respect to the bus length and the number of the processors. However, the time required
for broadcasting using a tree-based network is logarithmic, so it increases asymptotically
slower than when using a bus-based architecture.
The gate delay from any input to any output on the broadcast/reduction network
for the MASC model is at most (2log4 N –1). This cost is given particular attention here.
We argue that for practical purpose it could be bounded by a small constant. The
reasoning is as follows. Typically, a gate delay takes about 1-5 nanoseconds. We may
10
imagine even if we built an extremely large machine with size of 22 processors, the
10

gate delay would be at most (2log4 22

-1) × 5 nanoseconds ≈ 5.1 microseconds. On the

10
other hand, building a machine with 22 processors appears to be impractical, since the
9
number of atoms in the known universe is estimated to be less than 22 [11]. It is likely
that machines in the foreseeable future will have at most a few million processors. A
machine with 100 million processors would have the gate delay less than 50
nanoseconds, which is comparable to the time for a memory access in today’s systems.
Since there are approximately 8 billion neurons in the human brain, it seems reasonable
to conjecture that an efficient machine with that many processors would necessarily have
to use a model quite different from those used today. Also, since a processor can handle
much more complex computations than is considered possible for a neuron, it seems
likely that if a machine were built to be able to handle the computations typical of the
brain, then it would probably have far fewer than 8 billion processors.

1 Since the number of gates that a bus is able to drive is limited, perhaps a re-evaluation of the time for
broadcasting at the VLSI level is needed by researchers in the field before making this assumption for
millions of processors. In considering VLSI designs to maximize the fan-out of a gate and minimize the
layers of gates, a possible approach might be to increase the fan-out of the n-ary broadcast tree used here
(e.g., to a 100-ary tree).
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We give brief diagrams drawn by xMaple v5.0 for the function graph of (2log4 N
–1) gate delay for this timing. Given the average 1-gate delay is 2 nanoseconds, the
function graphs are shown in Figure 4.3 in regular scales and Figure 4.4 with the vertical
9
9
axis in logarithmic scales, while N is between 1 to 22 . (Notice that 22 is

approximately equal to 1.2e+154 shown in the figures. We did not give the function
9
10 due to the limitations of our plotting device.) The two
curves from 22 +1 to 22

horizontal lines in Figure 4.4 are reference lines. It is clear that this function changes very
slowly and is bounded by a small constant even if N is unreasonably large.

(µs)

Figure 4.3 The gate delay of (2log 4 N -1) using regular scales.
(µs)
1.023

1.010

Figure 4.4 The gate delay of (2log 4 N -1) with the vertical axis using a logarithmic scale

For a very large architecture, wire length could be also an issue. According to the
optimal VLSI layout, when the number N of processors is very large, the wire length can
increase as large as N1/3, based on the 3-D cube topology. However, this same problem
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exists in bus-based architectures. We may use the same solution (if any) that would be
used in bus-based architectures to solve this problem. An option used in [25] is
formulating a parameter, i.e., the cycle of a computation, as the maximal length of a
single bus to capture this notion.
Let ω be the greater of the length of an instruction or a data item (i.e., word).
Obviously, broadcasting an instruction or a data item one bit at a time from an IS to its
PEs takes O(ω). With architectures that have already been built or those currently
envisioned, the size of ω is a small constant. However, most parallel models assume that
the processor's identification number can be stored in a word, thus requiring that for a
machine with N processors, ω must be at least log N in size. It is traditional to assume
in the bus-based architectures that the buses have bandwidth ω. In particular, for MASC
we may build the separate broadcast network with the bus bandwidth ω so that it
transmits ω bits simultaneously. Therefore, it is very reasonable to assume that both the
word and instruction broadcasts require constant time.
Next, we discuss the logic OR global reduction operation. With each PE holding a
binary value, a global OR is performed through the log4 N-level tree of 4-PE resolver
network, as shown in Figure 4.1 and Figure 4.2. Thus, the same reasoning used for the 1bit broadcasting can be used to justify assuming that computing a global OR takes
constant time, although the tree traversal is in the opposite direction or in a bottom-up
manner.
A global AND operation is implemented using a global OR operation simply by
adding compliment gates to the inputs. So it can be assigned the same timing as a global
OR operation.
An associative search is a unique feature of an associative model like MASC. On
MASC, it is executed through the broadcast/reduction network by broadcasting a
predefined search pattern to the PEs from an IS. Those PEs with matching values set their
responder bit and remain active. Then an AnyResponder operation can be used to check
if there exists any responder. Also, using the reduction network, the IS can select (or
pick) an arbitrary (usually the first) active PE to do any special processing. We refer this
to as a PickOne operation.
Clearly, an AnyResponder operation is essentially a global OR operation over all
the responder bits. It involves one tree traversal of the reduction network and returns true
if any responder bit is set among the active PEs and false otherwise. A PickOne operation
is also performed by the reduction network to pick an arbitrary but usually the first
responder and to go up through the same tree traversal as a global OR. So both these two
operations should have the same timing as a broadcast or a global OR, i.e., constant time.
Notice that, after a PE is picked and processed, the PickOne operation clears the
responder bit of the PE and the IS can proceed to pick another of the active processors.
An associative search involves three steps, i.e., a broadcast of word-length pattern; a
sequential comparison of two word data by each active PE; and a global AnyResponder
operation. Hence, the associative search also requires constant time.
Let the word length be ω. In a bit-serial SIMD architecture such as the STARAN,
operations on multiple bits are performed bit-serially. This means that, if a 1-bit local
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addition takes O(1), then a two-word local addition takes O(ω). If ω is assumed to be
constant, then addition/subtraction is also a constant time operation, as one would expect.
Some researchers argue that the word length in parallel computers with N PEs should
always be (logN) or larger [11] so that it can store the identification number of each PE.
However, since a parallel computer could have over 1.8× 1019 PEs before log N is larger
than 64, the assumption that the word length is also a constant seems to be reasonable,
based on the size of current parallel computers and those in the foreseeable future.
Consider computing a global Maximum (or Minimum) of N integer (or real)
values. As before, we continue to assume that the word length ω is considered a constant.
Let each of the N PEs contains a value in a common word-size field. The global
Maximum (or Minimum) operation can be implemented as a bit-serial operation with a
global OR being computed for each bit of the field in the order of the left (most
significant) bit to the right (least significant) bit. Each global OR bit operation keeps
active those PEs whose bit value is 1 (or 0 for Minimum) until either only one responder
is left or until all bits have been processed [98]. Additionally, if all active processors have
a 0 value for one bit, then all remain active for the next round. If we assume that the time
to compute a global OR is constant and ω is the word length, then the time for this
operation is O(ω). If ω is also assumed to be a constant, as assumed for the addition of
two words above, the time for a global Maximum (or Minimum) operation will also
require only constant time.
As a related observation, we compare the implementation of the
broadcast/reduction network of the MASC model that is in a bit-serial fashion and a
sequential processor that is in a word-serial fashion. In fact, the hardware needed to
support a sequential addition operation is not that different from the hardware needed to
support the mentioned MASC basic operations on the broadcast/reduction network. It has
been shown that the lower bound for a sequential processor to perform addition is Ω(log
k) where k is the number of bits of the two operands [67,93]. A sequential processor
performing addition using carry-look-ahead adders as building blocks is much like a
MASC performing a global reduction using resolvers as building blocks. The cost of
addition for a sequential processor is considered to take constant time regardless of the
number of its input bits (i.e., length of the operands). With the almost same hardware
circuits, it is reasonable to apply the same measurement that ignores the number of input
bits (i.e., number of PEs) on the MASC reduction operations.
The prefix sum operation is not supported in hardware in either the STARAN or
the ASPRO. Also, it is not yet a basic operation on the MASC model. But based on the
principle we discussed earlier, it is possible to implement this operation using the
reduction network for a group of 1-bit binary values with each stored in a PE. As claimed
in [93], “any design for a prefix sum operation can be converted to a carry computation
network by simply replacing each adder with the carry operator.” This could take the
same time as a sequential addition operation, as well as a MASC reduction operation.
However, for a ω-bit prefix sum, it may need more expensive hardware support to take
the partial sums and partial carries to the next round of addition.
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It is important to keep in mind that all of the above basic operations are
implemented in hardware, in contrast to other parallel computational models that execute
most of them using software algorithms. These features make the MASC model a unique
parallel computation model that is powerful and feasible.

4.5.

Comparison of timings with other models
In order to compare the MASC model with other computation models such as

PRAM or MMB, it is critical that the timings charged for the basic operations of each
model be fair. For example, if two models both support a broadcast with the same
hardware, it would be unreasonable to charge one model O(log N) for a broadcast and the
other O(1). Also, for two operations using the same hardware in one model, we should
not charge one O(1) and the other O(log N).
It is useful to compare the timing cost for the basic MASC operations to those of
similar operations for RAM and PRAM memory access. We give a short summary of the
computational complexity of RAM and PRAM memory access presented in [11]. The
memory access on these two classic models can be implemented by a combinatorial
circuit that is called the Memory Access Unit (MAU). The MAU of RAM is
implemented as a binary tree of switches. Each memory access from the processor has to
use the path between the root of the tree and a memory location at a leaf of the tree.
When the memory size is M, the depth of the MAU is clearly Θ(log M). For PRAM, the
lower bound for the depth of a MAU with M global memory locations and N (= O(M))
processors is also Ω(log M). A theoretical optimal MAU for PRAM with depth Θ(log M)
is possible using a sorting circuit and a merging circuit. However, there is an efficient and
more practical MAU for PRAM with depth Θ(logM). Since the circuit in the optimal
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MAU has depth O(log M), each memory access is performed with a O(log M) switch
delay. This is exactly the same situation as observed with the basic operations for the
MASC model. Researchers and algorithm developers have ignored this small theoretical
logarithmic factor for many years and have elected to treat memory access time as a
constant, just like the time for other basic operations such as addition and comparison.
This timing approach has dominated algorithm analysis on both the RAM and PRAM
models in the literature and has significantly simplified and standardized complexity
analysis of algorithms, both in terms of comparing algorithm performance and of
comparing computational models.
We may further consider reduction operations for PRAM. Using prefix operation
algorithms, all PRAM models can calculate logic OR/AND or maximum/ minimum in
O(logN). However, using concurrent writes, the CRCW PRAM can compute every
Boolean function with a small domain (e.g., binary values) in constant time [106]. But
this does not hold for other variants of PRAM without concurrent writes, as they require
at least Ω(log N) algorithm steps for such a computation [36]. Thus, the charges for
reductions and basic operations of logic OR/AND are reduced for the CRCW PRAM due
to an assumed superior architectural implementation.
Next, we compare timings on MASC with timings on MMB (Meshes with
Multiple Buses), which may be considered a more practical computational model than
PRAM. A MMB is a basic mesh enhanced with multiple buses, one bus for each row and
one bus for each column. A processor can broadcast along its row or column bus to allow
fast data transmission to all processors that are on the same row or column bus. In one
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time unit, only one processor is allowed to write a value on a bus. All other processors
are assumed to simultaneously read the value being broadcast in constant time.
As with other bus-based architectures we discussed earlier in Section 4.4, the time
to broadcast along a bus on MMB increases linearly as the number of processors
increases, i.e., O(N). It has been generally accepted that this time can be considered to be
constant. As for other basic operations on MMB, it has been shown in [101] that on a
MMB with size of N1/2 × N1/2 and each PE holding a data item, the global reduction of
finding a maximum/minimum or logic OR/AND can be computed in O(N 1/6 ). Also, if
all data items lie in the same row with only one item per processor, these reductions take
O(log N). For the latter cases, it has been shown in [71] that Ω(log N) is the lower bound
for these reductions. Since MMB does not contain a circuit to perform these reductions,
specific algorithms have to be designed for them. It is clear that substantially different
methods are used to execute these operations on the MASC model.
More recently, an augmented MMB model called the MHB (Meshes with Hybrid
Buses) model was proposed in [72]. A MHB is a MMB enhanced with precharged 1-bit
row and column buses. By draining the precharged high voltage to ground on the
augmented bus, concurrent broadcast by several processors can be supported. This makes
it possible for a global OR reduction operation to be done in constant time. This is called
an “.OR” (dot OR) bus by hardware people and differs from the logic OR via gates that
we discussed earlier for the MASC model. It also ignores a small but non-constant time
for precharging or draining on the augmented bus (which is sometimes claimed to be
logarithmic). Furthermore, it supports our simulation results in [15,16], which we will
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present in next chapter in details, that a MMB is less powerful than a MASC with a 2-D
mesh unless it is augmented with extra hardware.
The above discussion and comparison of MASC with other models justify our
constant time assumption concerning the timings of the broadcast and reduction
operations on the MASC model. We argue that our assumption uses the same
methodology that the other models have used, both for the purpose of theoretical research
and for practical implementations.

4.6.

Summary

We have given the details of our timing justification for the MASC basic
operations, based on their hardware implementation on the STARAN, which is the
architectural ancestor of the MASC model. We have also compared our timings with
those of other models. A summary of the MASC operations is given in Table 4.1. In the
second column, we list the timings when we assume that the broadcast bus has a 1-bit
width. In the third column, we assume that the broadcast bus has a ω-bit width. These
timings are based not only on actual implementation (e.g., STARAN and ASPRO), but
on the comparable timings used by RAM, PRAM, and bus-based architectures. These
models were included as part of our study in order to evaluate which MASC timing
charges result in the fairest possible comparison of MASC to other models for parallel
computation.
Operations

1-bit
Bus

ω-bit

Broadcast

O(ω)

O(1)

Bus

Addition/Subtraction

O(1)

Logic OR

O(1)

Logic AND

O(1)

Associative Search

O(ω)

O(1)

AnyResponder

O(1)

PickOne

O(1)

Maximum/Minimum
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O(ω)

O(1)

Table 4.1 Summary of the timings of the basic MASC operations

There are several issues to consider in determining the proper cost for basic
operations for a model. These include implementation considerations, experimental data
involving prototypes, theoretical considerations, and comparison with the costs assigned
to other models with similar capabilities. Other considerations are that the costs assigned
should be kept simple whenever possible, consistent with the added requirement that they
must provide accurate comparison of performance of algorithms designed for the model
and with the performance of this model when compared with other models. It would be
useful to have more experimental data using modern technology to test the timings
assigned to the basic MASC operations.

Chapter 5
Simulations of Enhanced Meshes with the MASC Model
5.1. Introduction
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The MASC model provides a practical, highly scalable model that naturally
supports massive parallelism and a wide range of applications. Generally, the power of a
computational model is indicated both by the efficiency of algorithms it can support and
by the efficiency with which it can simulate other computational models.
As we introduced in Section 2.3, the enhanced mesh models are well-established
models for parallel computation. An enhanced mesh model is a mesh augmented with a
certain number of fixed buses or reconfigurable buses. The basic mesh enhanced with a
single global bus is referred to as the enhanced mesh with a global bus. The basic mesh
enhanced with fixed row and column buses is called the mesh with multiple buses (MMB)
model. The basic mesh enhanced with reconfigurable buses that allow buses to be created
dynamically on the mesh while an algorithm is proceeding is called the reconfigurable
mesh model. Each processor in a RM has four ports that can be set local connections to

establish several disjoint subbuses. If up to two disjoint pairs of ports are allowed to
connect, it is referred to as the general reconfigurable mesh (RM). If at most one
connection involving one of the reconfigurable pairs is allowed, it is referred to as the
Basic reconfigurable mesh (BRM).

In this chapter, we present efficient simulation algorithms between enhanced
meshes and MASC. We will give some results based on these simulations. The
simulations of the enhanced mesh models with the MASC model and the simulations in
the other direction provide a better understanding of the power of the MASC model. In
addition, they provide an effective method for converting a large number of algorithms
designed for enhanced meshes to the MASC model.
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This chapter is organized into five sections. In particular, Section 5.2 gives an
overview of simulations of enhanced meshes with MASC. Sections 5.3 and 5.4 present
the simulations of MMB and BRM with MASC, respectively. Section 5.5 discusses the
reverse simulations, i.e., simulations of MASC with MMB and BRM. Section 5.6
generalizes the simulation results from basic reconfigurable meshes to a general
reconfigurable mesh. Section 5.7 gives the concluding remarks and some open problems.
5.2. The overview of simulations of enhanced meshes

Unless noted otherwise, we assume in our simulation algorithms that the mesh
network for MASC(n, j) has size n × n and is in row–major order. The ith PE in the
MASC array will be denoted PEi (1≤ i ≤ n) and the ith IS will be denoted ISi (1≤ i ≤ n ).
Unless noted otherwise, the size of all enhanced meshes considered is n × n and is in
row-major order. The processor located in row i and column j (1 ≤ i, j ≤ n ) is referred
as to P(i, j).
For enhanced meshes, instructions used in algorithms consists of performing an
arithmetic or boolean operation, communicating with a neighbor, broadcasting a value on
a bus, or reading a value from a bus. In the MASC model, each PE is assumed to have
the exactly same computation power as the PEs of an enhanced mesh processor. This
assumption will simplify the simulations and require that the register and word length of
both models be O(log n), the word length assumed for enhanced meshes. Since a parallel
computer could have over 1.8 × 1019 PEs before log n is larger than 64, this simplifying
assumption seems to be very reasonable, based on the size of current parallel computers.
Additionally, in order to compare the enhanced mesh models with the MASC models
fairly, we assume the MASC buses have the same power as those of the enhanced
meshes. In particular, we assume that the ID number of a PE or an IS can be broadcast on
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a bus and stored in constant time. Since both the MASC model used here and the
enhanced mesh have a

n × n mesh network, it is natural to map the processors in

MASC to the those in the same position in the mesh network in MMB. Moreover, the 1D representation of the MASC cells (PEs) in Figure 3.1 can also be viewed as the 2-D
array as shown in Figure 5.1. Since both models have identical mesh networks, the mesh
operations can be simulated automatically. Therefore, the remaining work required is to
simulate with MASC the operation of broadcasting over buses in an enhanced mesh.
Simulating an enhanced mesh with a global bus with MASC(n, 1) is trivial. All
we need to do is to let all PEs listen to IS1 . This means that any algorithm running on a
n × n mesh with a global bus can be run in MASC(n,1) with mesh connection in the
same time. On the other hand, the reduction operation of maximum requires only O(1)
time for MASC(n, 1) but non-constant time for the mesh with a global bus [5].
Intuitively, we have the following theorem.

IS

Cell

IS

Network

IS

••

ISj

Cell

••

Cell

•
•
•
• 5.1 A•2-D view of the MASC•model
Figure
•
Theorem 5.1. MASC (n, 1)• with a •2-D mesh is more powerful
than a n × n mesh
with a global bus. Any algorithm on a n × n mesh with a global bus can be executed
Cell
Cell with
• that is Cell
a running• time
at least as fast.
on MASC(n, 1) with a 2-D mesh
We next discuss the enhanced mesh model MMB.
5.3. Simulating MMB with MASC C e l l N e t w o r k

In the following two sections, algorithms are presented for MASC to simulate
enhanced meshes. We will discuss simulations of MMB first and then of BRM in
sections 5.3 and 5.4, respectively.
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Each PEi (1 ≤ i ≤ n) in MASC with a 2-D mesh knows its position in mesh
network and two parallel variables, row$ and column$, are used to store its row number
and column number. (A "$" is added to the end of PE variables to avoid confusing them
with IS variables.) The coordinates (row$, column$) are the same as that of the
corresponding MMB processor. Assume the MASC-processor PEi simulates the MMBprocessor P(ri , ci ), where i = (ri – 1) n + ci and 1 ≤ ci ≤ n . Since PEi can compute its
coordinates points in the mesh as follows: ri = i / n  and ci = (i –1) mod n + 1, the
desired simulation is a sequence of steps in which every processor in MASC is
responsible for simulating the corresponding MMB processor.
As mentioned earlier, we only need to deal with the simulation of broadcasting in
MMB. In [15,16], we restricted the case for MASC(n, j) with j = n . Here, the general
case for MASC(n, j) with j instruction streams is considered. We assign each ISi (1 ≤ i ≤
j) to the following rows and columns. ISi is assigned to row (column) i, row (column) i +
j, row (column) i + 2j, …, row (column) i +  n / j *j, provided they exist. In other
words, PEs in row (column) i are designated to listen to their assigned IS whose ID is (i
mod j) + 1. In one step, an IS can switch from instructing its rows of PEs to instructing
its columns of PEs. Initially, all PEs listen to IS1 . Based on row broadcasting or column
broadcasting, they can switch to their assigned row or column ISs in constant time. The
following algorithm gives a MASC simulation of a MMB row broadcast.
Algorithm 5.1.
Begin
1. First all PEs switch to their assigned row IS. Each PE row should have at most one
PE that needs to broadcast;
2. While some rows remain unprocessed
2.1. All ISs with unprocessed PEs will activate the PEs in their next unprocessed row
and deactivate the PEs in their other rows;
2.2. Each active IS instructs any PE needing to broadcast a value to its row to place
this value on its IS broadcast network.
End.

The broadcast operation within a row is completed in constant time. The
simulation of broadcast operations along column buses is done analogously. The only
difference is PEs switch to their assigned column IS. Each of the steps in the above loop
takes O(1) time, and the loop has  n / j+1 iterations. Thus, we have the total running
time to be O( n /j). Each PE needs two additional local variables to store its row and
column indices. The resulting increase in memory for all PEs is O(n), which is a minor
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cost. Another additional cost is the j instruction stream processors that provide
instructions to the PEs. However, since j is usually expected to be much smaller than n,
the number of PEs, it is also an insignificant cost in the simulation. Therefore, the result
is summarized as the following theorem.
Theorem 5.2. MASC (n, j) with a n × n mesh can simulate a n × n MMB with a
running time O( n /j).
Notice that a constant time simulation can be obtained when j is Ω ( n ). It
indicates that the simulation with this particular MASC model establishes that an
algorithm running on a n × n MMB can be executed on MASC(n, j) with a 2-D mesh
in asymptotically the same time when j is Ω ( n ). As a result, MASC (n, j) with a 2-D
mesh is at least as powerful as a n × n MMB, when j is Ω ( n ). In particular, many
cost optimal algorithms that have been designed for MMB are also cost optimal when
executed through simulation on MASC. This raises the question as to whether this
particular MASC model has the same power as the MMB model or is strictly more
powerful. This question is answered by the following example.
Example 5.1 There is a problem which can be solved in constant time using the
MASC(n, n ) with a n × n mesh that requires Ω (n logn) time for the n × n MMB.
Consider a n × n table and various partitions of these values into n sets, with
n values, each of which contains exactly one value from each column and one value
from each row of the table. An example of such a partition can be obtained using the
wrap-around diagonals of this table. The problem is to efficiently calculate the maximum
value for each set in any partition of this table. With the MASC(n, n ) model, the n
numbers of this table can be stored in n PEs with one value in each PE. Then all PEs with
data for the ith set listen to ISi (1 ≤ i ≤ n ) and locate the maximum value for that set in
O(1) time. However, we can not solve the same problem with a n × n MMB in time
less than Θ( n log n ). This is because it requires Ω( n ) time in the worst case to move
the data so that all the data for each of the n sets are grouped together in a common row
(or equivalently, a common column). Moreover, for n values stored one value per
processor on a row (or a column) of a n × n MMB, the time lower bound to find the
maximum of them is Ω(log n) [71]. Thus, we have the following theorem.
Theorem 5.3. MASC (n, j) with a n × n mesh is strictly more powerful than a n
× n MMB when j = Ω( n ). Any algorithm for a n × n MMB can be executed on
MASC(n, j) with j = Ω( n ) and a n × n mesh with a running time at least as fast as
the MMB time.
The above example can be generalized to a case when the mesh size is a rectangle
both for MASC and MMB rather than a n × n square. A m×n table can be arbitrarily
partitioned into m sets. Each set contains n values that are selected in a way of exactly
one from each column and one from each row of the table. A MASC(mn, j) when j is
Ω(max{m, n}) can calculate the maximum of all values in constant time. However, a m×n
MMB requires Ω(max{m,n}log(min{m,n})) time where Ω(max{m,n}) for data
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movements and Ω(log min{m, n})) for finding the maximum of all values [71]. In a
similar way, we can analyze a relationship between MASC(cn, 1) with a n × c mesh
connection and a n × c MMB. Thus, we obtain the following corollaries.
Corollary 5.4 MASC(mn, j) with a m×n mesh connection is more powerful than a m×n
MMB, when j is Ω(max{m, n}). Any algorithm on a m×n MMB can be executed on
MASC(mn, Ω(max{m, n})) with a m×n mesh connection with a running time at least as
fast as on the MMB.
Corollary 5.5 For any constant c, MASC (cn, 1) with a n × c mesh connection is more
powerful than a n × c MMB. Any algorithm on MASC(cn, 1) with a n × c mesh
connection can be executed on a n × c MMB with a running time that is at least as fast.
5.4. Simulating BRM with MASC
We now discuss the simulation between the MASC model and the BRM, a special
case of general reconfigurable meshes. Consider a n × n BRM and MASC(n , j) with
a n × n mesh connection. We first present the simulation algorithm of the BRM with
a particular model MASC(n, j) when j = n . Then we extend the simulation to the
general case with arbitrary j.
Again, we view the desired simulation as a sequence of steps in which each PE in
MASC is responsible for simulating one of the BRM processors. Since both models have
a 2-D mesh connection, each processor in both models has a row and column number that
correspond to their position in the mesh. The MASC PE at location (ri , ci ) in the mesh
simulates the PE in the same position in the BRM. In particular, each MASC PEi
simulates the BRM-processor P(ri , ci ), where i = (ri – 1) n + ci . The value ri and ci
are ri = i / n , ci = (i –1) mod n + 1 and PEi stores them in the variables row$ and
column$.
Besides the above parallel variables row$ and column$, several other MASC

variables will be needed. The parallel variable, connection$ stores the reconfiguration
status of the corresponding BRM processor P(ri , ci ). In particular, during parallel row
operations, the variable connection$ in PEi stores a 0 when the corresponding BRM
processor P(ri , ci ) has its {E,W} ports connected and stores a 1 otherwise. The MASC
parallel variable leader$ stores the column (or row) number of the leftmost (or topmost)
BRM processor which shares the same subbus with the BRM processor corresponding to
PEi , when connected in EW (or NS) direction. All the values in this parallel variable are
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initialized to 0 before each subbus broadcasts. Let pi be a scalar IS variable for each ISi
that stores the column (or row) number of a specific PE in the subbus that is currently
being processed. Also, let leaderi be a scalar variable that stores the leader$ value of the
subbus currently being processed.
All PEs on the same subbus will have the same leader$ value with one exception.
This exception occurs with horizontal subbuses when two subbuses terminate at a
common PE, as illustrated by P(3,2) in Figure 5.1. In this case, the common PE will have
the leader$ value that identifies its right subbus and will be the leader of this subbus.
However, since it belongs to two subbuses, it needed to have two leader$ values. An
analogous situation occurs for vertical subbuses. To simplify the description of the
algorithm involving BRM, we assume that there are no two horizontal (or vertical)
subbuses share a common PE. However, the algorithm techniques can be extended to also
work when this special case is allowed.
Now we need to deal with the simulation of broadcasting in BRM. Since there are
n ISs assumed, let ISi be assigned to the ith row and the ith column. Initially, all PEs
listen to IS1 . They can switch to their row or column IS in one step. Also, in one step, an
IS can switch from instructing its row PEs to instructing its column PEs. Recall that in
one time unit, a BRM processor can connect one opposite pair of ports, namely {N,S} or
{E,W}. Since the algorithms for broadcasting on the row and column subbuses are
similar, we will present only the algorithm for the row (or horizontal). This algorithm is
given next and followed by a discussion of it.
Algorithm 5.2. {Broadcasts along row subbuses}
Begin

{Part 1–preprocessing when a switch is reconfigured.}
1. All ISs activate all their PEs and instruct them to listen to their row IS (e.g., PEi
switches to ISri ).
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2. Each ISi has all its PEs to set connection$ to 0 if BRM-processor P(ri , ci ) has its
EW ports connected and to 1 otherwise.
3. All ISs have their PEs do steps 4 -10 in parallel.
4. Store 0 in leader$.
5. Send its connection$ value to its horizontal neighbors using mesh links.
6. If a PE does not receive a connection$ value of 0 from one of its neighbors, it
becomes inactive.
7. While there is an active PE with connection$=1, all ISs with an active PE with
connection$=1 execute steps 8-9 in parallel

8. Set pi to the maximum of the column numbers of its PEs with connection$=1.
9. Instruct all of its active PEs with column$ ≥ pi to store pi in leader$ and then
become inactive.
10. For each i, if PE(i, 1) is active, ISi instructs all its active PEs to set their leader$ to 1.
{Part 2 – simulate a broadcast.}
11. All ISi activate only those PEs that are on their subbuses.
12. All ISi instruct their PEs to set their broadcast flag if they wish to broadcast.
13. While there is an active PE, all ISs with an active PE execute steps 14-18 in parallel.
14. Set pi to the maximum of the column numbers of its active PEs with a broadcast flag
set.
15. Deactivate all PEs whose column number is greater than pi .
- 69 -

16. Read leader$ and value v from the PE in column pi , and store this value of leader$
in leaderi .
17. Activate only the PEs whose leader$ value is leaderi and broadcast v to these PEs.
18. Return to the previous set of active PEs and deactivates those PEs in whose leader$ is
leaderi .
End.

In part 1 of Algorithm 5.2, each PEi initially switches and listens to its row IS.
Each PEi sets its connection$ variable to 0 if the BRM-processor P(ri , ci ) it simulates
has its connection set to {E, W} and to 1 otherwise. Next, all PEs store 0 in their leader$
variable. Local links of the mesh connection are used in step 5 to check the connection
status of their horizontal neighbors. All those PEs that do not receive a value of 0 from
one of its horizontal neighbors are deactivated since they are not on a horizontal subbus.
The loop in steps 7-10 first identifies the left-most PE in each horizontal subbuses. This
PE is called the leader of the subbus, and then its column number is broadcast to all PEs
in the subbus and is stored in the leader$ variable in these PEs.
In step 12 in part 2 of this algorithm, the PEs that are on subbuses are activated
and the rest remain inactive. These PEs are precisely the ones with a nonzero value in
their leader$ variable. Next, those PEs that wish to broadcast are instructed to set their
broadcast are instructed to set their broadcast flag. In the loop in steps 15-19, the rows are
processed in parallel but the broadcasts of subbuses in the same row are processed
sequentially from the right to the left.
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Next, consider the BRM example shown in Figure 2.3. After step 6 in Algorithm
5.2, the values in connection$ listed in row-major order are {0, 0, 0, 0, 0, 0, 1, x, 0, 1, 0,
0, x, x, x, x} in which x indicates the corresponding PE has been set inactive. After step
11, we have leader$ = {1, 1, 1, 1, 1, 1, 1, x, 1, 1, 2, 2, x, x, x, x}, so there are four
horizontal subbuses available at this point. Any processor on a subbus may broadcast a
value that can be read by all other processors on the same subbus.
In part 1 of the algorithm, there is a loop for each ISi to assign a leader for each of
its subbuses. This takes O( n ) in the worst case. The other operations of switching,
activation, deactivation and finding the maximum take constant time. Local
communication between neighbors in mesh connection takes constant time as well. In
part 2, once the leader of a subbus has been found, a broadcast over the subbus takes
constant time. However, if there are multiple subbuses in one row and each of the
subbuses has a broadcast request simultaneously, the row IS must handle these requests
sequentially. Since each row can have O( n ) broadcast requests, this operation requires
O( n ) time in the worst case. The resulting worst case simulation time is O( n ). As for
extra memory, each PE has three extra local variables to store the data needed in the
simulation, so the total extra memory used is 3n or O(n) for all PEs, which is
insignificant. The other cost is that we need

n extra processors as ISs in MASC which

are not needed in BRM. However, we argue that n is asymptotically less than the total
number n of PEs, so this cost can also be considered as an insignificant cost in the
simulation. As mentioned before, in practice, the self-simulation results in [118,119] can
be used reduce the

n instruction streams to a smaller number, due to the scalability of
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the MASC model. Obviously, the preceding algorithm can be executed by a MASC(n, j)
model when j is Ω( n ). This yields the following theorem.
Lemma 5.6. MASC(n, j) with mesh connection where j ∈ Ω( n ) can simulate a

n ×

n BRM in O( n ) time with O(n) extra memory.

Now it is easy to extend the result to a general case MASC(n, j) with an arbitrary
j. If j ≤

n , we make the same assignment to multiple rows (columns) as in Section 5.3.

Each ISi , instead of processing only one row (column), now sequentially processes
multiple rows (columns), i.e., row (column) i is assigned to ISk where k =(i mod j) + 1
for 1≤ i ≤

n . All j ISs execute Algorithm 5.2 while activating the PEs on the first

assigned rows (columns) with the other assigned rows (columns) deactivated. Then next
all j ISs execute Algorithm 5.2 on their second assigned rows (columns) with the other
assigned rows (columns) deactivated. This is continued until all rows (columns) are
processed after  n / j iterations. Clearly, the total running time is  n / j * O( n ) or
O(n / j) in the worst case. Notice there is no additional memory requirement for PEs.
Therefore, combing Lemma 5.6, the following theorem is given.
Theorem 5.7. MASC(n, j) with a 2-D mesh connection can simulate a

n×

n BRM

with O(n / min{ n , j}) time and O(n) extra memory.

5.5 Simulating MASC with enhanced meshes
In this section, an algorithm is given to simulate MASC(n, j) with enhanced
meshes. This provides a useful additional information for comparing the power of these
two models.
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The MMB model is considered first. We make the same assumption for the size
of the models and mapping for processors between the two models as before. Matching
processors have the same location on the n × n mesh. Hence, each P(ri , ci ) in the
MMB corresponds PEi in the MASC, where ri = i / n  and ci = (i –1) mod n + 1.
To simulate j ISs in MASC, each of the n MMB-processors in the first column, i.e.,
P(i, 1) for 1≤ i ≤ n , is used to simulate a MASC IS. A copy of the program is stored
on each P(i, 1) for 1≤ i ≤ j. The MMB simulates the execution of the instruction of the ISs
sequentially. The MMB processor P(i, 1) broadcasts an ISi instruction to all the
processors in the first column. Next, this instruction is broadcast along each row to the
remaining MMB processors. Each MMB processor allocates register (or memory) space
for the integer variable channel and the boolean variable active. The ID for the IS that the
simulated MASC-PE is listening to is stored in channel and whether or not this MASCPE active is stored in active. Each MMB processor checks these variables in order to
decide whether to execute the current instruction. Initially, all PEs listen to IS1 , which is
simulated by P(1, 1).
The MMB processor executes a local computation or memory access in one step
exactly as a MASC processor does. Also, a 2-D mesh data movement instruction by a
MMB processor is executed exactly as it is by a MASC processor. However, more work
is required for the MMS simulation of the MASC global reduction operations of OR,
AND, maximum, and minimum. When a MMB processor receives an instruction
operation for one of these reduction operations from an IS, e.g. ISi , it does nothing at this
step provided it currently is assigned to ISi and is active. Otherwise, it determines the
null value for this reduction operation and prepares to use this value in the reduction
operation. The null values are as follows: 0 for OR, 1 for AND, MININT for maximum,
etc. Next, the optimal MMB algorithm provided in [27] is used to compute the reduction
and get the value in P(1, 1). The final step is to send this result from P(1, 1) to P(i, 1), the
processor simulating ISi , using the first column bus. The above discussion is
summarized in the following algorithm.
Algorithm 5.3 {simulation of MASC(n, j) with a n × n mesh using a n × n MMB}
Begin
1. For i = 1 to j , each ISi execute its current command using steps 2-9.
2. P(i, 1) broadcasts the next ISi instruction along the first column bus.
3. All P(k, 1) (1 ≤ k ≤ n ) broadcast this ISi instruction to the kth row in parallel.
4. If the ISi instruction is a local operation, by checking the variables channel and
active, those processors that are currently listening to ISi and are active execute this

operation.
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5. If the ISi instruction is a data movement operation on the MASC 2-D mesh, the
MMB 2-D mesh executes this operation.
6. If the ISi instruction is a reduction, all processors do steps 7-9 in parallel.
7. If a processor is either not assigned to ISi or is not active, then it determines the null
value for this reduction to use in the next step.
8. The MMB executes the reduction operation using the algorithm in [27] and place the
result in P(1,1).
9. P(1,1) uses the first column bus to send this reduction result to P(i,1).
End.

The slowest part of this algorithm is the steps of simulating a MASC reduction
operation. According to [27], this reduction operation can be performed optimally on the
MMB in O(n1/6 ). Since this occurs inside a loop that is executed j times, the worst case
time will be O( jn1/6 ). For the case where j = n , the worst case is O(n2/3 ). Similarly, if
j= 3 n , then the worst case is O( n ). There are two extra variables used by each MMB
processor to decide whether the processor executes the current instruction and what value
should be provided to the instruction. Additionally, the MMB processors in the first
column require extra memory to store a copy of the program and to execute this program,
which is constant length. The total extra memory used is O(n).
Observe that an alternative to using the first column of MMB-processors to
simulate ISs in MASC is to use a ( n +1) × n MMB in which the processors in the first
column are used only to simulate ISs of MASC. This will eliminate the load imbalance
on the processors in the first column.
Since the BRM is more powerful than the MMB, it can also execute the above
simulation of MASC with a 2-D mesh. As illustrated in Example 5.1 in Section 5.3,
problems can easily be chosen which do not allow effective uses of BRM subbuses. Since
the primary use of BRM presently is to provide a model intermediate in power between
the MMB and the reconfigurable mesh, a BRM reduction algorithm that is faster than an
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optimal MMB reduction algorithm is not known currently. We have established the
following theorem.
Theorem 5.8. MASC(n, j) with a n × n mesh connection can be simulated by a
× n MMB or BRM with O(jn1/6 ) time and O(n) extra memory.

n

5.6. Simulations between MASC and RM

A reconfigurable mesh (RM) is a very powerful parallel computational model
[25,69,85,86]. A 2-D reconfigurable mesh was shown to be at least as powerful as the
CRCW PRAM model in [127]. Later, it was proved to be strictly more powerful than the
CRCW model in [91]. These indicate that simulation of the reconfigurable mesh with
MASC can be potentially a significant tool to evaluate the power of the MASC model.
RM is a general case of BRM. RM allows up to two disjoint pairs of ports to be
connected. We first consider simulation of RM using MASC.
Any simulation of a

n × n RM with MASC(n, j) with a

n × n mesh must

also simulate the BRM since RM extends the capabilities of the BRM. Therefore, a
natural way to simulate RM using MASC is to extend earlier MASC simulation of BRM.
To simulate a

n ×

n RM with MASC(n, j) with a

n ×

n mesh, we go through the

steps as in the simulation of a broadcast on BRM with MASC, i.e., processing multiple
rows (or columns) in parallel while processing PEs within a row (or column) in
sequential. Assume the RM has configured k buses in order to execute simultaneous
broadcasts. (A RM bus is conceptually equal to a BRM subbus that we used in earlier
discussion.) To simulate these broadcasts, MASC creates k subsets of PEs corresponding
to the processors in each RM bus. The k subsets are assigned to ISs in order and each IS
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has k/j at most subsets of PEs. Each IS performs a broadcast for these subsets
sequentially. All ISs execute in parallel. Since a

n × n RM can configure as many as

O(n) buses (e.g., each of the buses consists of constant number of processors), the worst
case time to simulate a broadcast of the RM with the MASC is O(n/j). Trivially the best
case for simulating RM buses takes constant time and occurs when the RM has
configured at most j buses.
The reverse direction of simulating MASC with a RM that has the same number
of processors is not as easy as might be expected when the power of RM is considered.
This is because that MASC has extremely high flexibility of letting all PEs be partitioned
to disjoint sets in an arbitrary way. An IS can instruct a set of PEs to execute commands
in parallel. This is especially useful when we solve problems with irregular data sets that
cannot be efficiently constructed to buses by RM. We next pose two open problems. The
claims made in these problems appear to be true and are left for future work. The focus of
both problems is to establish that there are broadcasts that MASC can handle in constant
time but which RM can not handle efficiently.
Problem 5.1

Given a n × n mesh of processors labeled with P1 , P2 , …, Pn and positioned
in the row-major order. Let k be an integer with

n /2 < k <

n . We may construct k

subsets in the following way. From P1 , we pick up all processors in every k processors to
make the first subset; From P2 , we pick up all processors in every k processors to make
the second subset; and so on. Then we have all processors that are partitioned into k
subsets. Within each of the subsets, every processor is separated from the next one by k
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positions. We consider the problem of performing a broadcast within each of the subsets.
This problem is easy for MASC(n, k). We assign all PEs with the ID number P1 , P1+k
,…, P1+n/k k to IS1 ; assign all PEs with ID number P2 , P2+k , …, P2+n/k k to IS2 ;…;
and assign Pk , P2k …, Pn/k (k+1) to ISk . MASC(n, k) can then broadcast to all k subsets
in parallel in constant time. For MASC(n, j) with an arbitrary number j of instruction
streams, the time is O(k/j) or O( n /j) in the worst case. The following observations
appear to be true. Without overlapping, there is no effective way to configure a

n× n

RM with k buses such that each bus consists of processors of a subset as described above.
A RM bus allows only one data value to be broadcast at one time unit on each bus. If
there are multiple simultaneous broadcasts with each on one of the overlapped buses,
each of the overlapped buses must perform a broadcast sequentially in order to use the
overlapped paths alternatively. When Pk is in the middle of P n /2 and P n , or P3 n /4 ,
the RM requires O( n /4) or O( n ) time to complete a broadcast for all subsets.
Problem 5.2

Given an n × (1+log n) mesh of processors, we may construct subsets of this mesh
based on the butterfly topology. Each subset consists of all processors on a path of the
butterfly connection. This results in n subsets with each containing 1+log n processors.
The problem is to perform a broadcast within each of the subsets. Clearly,
MASC(n(1+logn), j) can perform this task in O( n/j). When j=n, this is a constant time
task. However, our following observation also appears to be true. Since a same size RM
cannot configure such buses to perform broadcasts without overlapping, it cannot
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complete broadcasts for all subsets in constant time. An 8×4 array of processors
connected with the butterfly topology is shown in Figure 5.2.

Figure 5.2 An 8 × 4 mesh of processors partitioned in the butterfly topology

We observe that the MASC model and the reconfigurable mesh cannot efficiently
simulate each other. This stems from the fact that either of the two models possesses
some properties that the other cannot easily simulate. The MASC model has great
flexibility to partition all PEs in an arbitrary manner. One IS can control the parallel
execution of the PEs in each set of this partition. In the RM model, configuration of buses
is restricted by the fact that at most two buses can pass through each processor. As a
result, the RM cannot use buses to efficiently support communication between the
processors in each of the partition sets for many nonstandard partitions. This results in
algorithms which execute the processors in a partition set in parallel but execute some of
the tasks performed by the partition sets sequentially, which degrades the parallelism of
the RM model.
On the other hand, the maximum number of different groups of PEs that
MASC(n, j) can execute simultaneously and use there is for data movements is j. In
contrast, the RM can easily support O( n ) buses (e.g., columns) and support as many as
O(n) buses (e.g., each consisting of a constant number of processors). While all of these
buses are executing the same algorithm steps simultaneously, each can support both
simultaneous execution and data movement for their set of processors. Therefore, in
practice, we expect the number of "restricted" instruction streams in RM to be much
larger than the number of instruction streams in MASC.
5.7 Summary
Three simulation algorithms to simulate between two classes of enhanced meshes,
MMB and BRM, and the MASC model have been presented in this chapter. Simulations
between MASC and RM, a general case of BRM, have also been discussed.
We have shown that MASC(n, j) with a 2-D mesh can simulate a n × n MMB
in O( n / j) time with no extra memory. In particular, the simulation takes constant time
when j = Ω( n ). Also we show that MASC(n, j) with a 2-D mesh can simulate a n
× n BRM in O(n / j) time with O(n) extra memory. Simulation of MASC(n, j) with a
n × n MMB or BRM takes O(jn1/6 ) time with O(n) extra memory. Also, it is shown
that MASC(n, 1) with a 2-D mesh is more powerful than a n × n mesh with a global
bus, and that MASC(n, j) with a 2-D mesh is also more powerful than a n × n MMB
when j = Ω( n ). These results provide effective ways in understanding the power of the
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MASC model by comparing it with enhanced meshes that are currently very popular
parallel computation models in research literature. Also, the constant time simulations
enable the algorithms designed for enhanced meshes to be transferred to the MASC
model with the same running time.

Discussion on simulations between MASC and RM has revealed the dissimilarity
of the two models. Neither of them can simulate the other efficiently. It has been shown
that they have distinct features that might be good at solving different problems, but not
both.

There are several interesting open problems related to this work, including proof
of optimality of the simulation algorithms given in this chapter. One important open
problem is to provide an example of a problem that is easy for MASC to solve but
difficult for RM. Such a problem would establish a lower bound for a simulation of
MASC by a RM. An example of this type could be provided by establishing either of the
conjectures posed as problems in Section 5.6. Other open problems involve finding
additional simulations between MASC and RM. For example, one such problem is to
generalize all of our simulations between MASC and RM models to general meshes of
size m×k. Another such problem is to investigate simulations of MASC and RM models
of different sizes.
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Chapter 6

Associative Computing in Real-time Processing

In the following two chapters, we discuss how to apply the MASC model with
one instruction stream (also called the ASC model for Associative Computing) in the area
of real-time processing. In particular, we take the Air Traffic Control (ATC) system as a
typical real-time problem. For over 40 years, extensive effort has been devoted to finding
an efficient MIMD solution to the ATC problem. It is currently widely accepted that
large real-time problems such as ATC do not have a polynomial time MIMD solution.
However, using ASC, an efficient polynomial time solution to the ATC problem can be
obtained. In addition, associative computers (also called associative SIMD computers)
have been built which support the associative model and can support this polynomial
time solution to the ATC and meet the required deadlines. These observations raise
serious questions about the validity of the common belief that the MIMD model is more
powerful than the SIMD model. We are motivated to investigate this situation further and
reevaluate the power of SIMD computation compared to that of MIMD computation.
This chapter primarily discusses the ASC solution to the ATC problem, a large portion of
which has been presented in [82,83,84]. Some real-time definitions are given in Section
6.2. Section 6.3 describes the ATC problem including assumptions, constraints of the
system and examples of certain ATC tasks. Section 6.4 presents a polynomial time ASC
solution to the ATC. Section 6.5 reviews some complexity results and current practice
regarding the ATC problem. Section 6.6 gives a summary of the results of this chapter.
6.1 Introduction
Flynn's taxonomy for parallel computers based on the numbers of instruction
streams and data streams has been widely used in the research literature of parallel
processing since it appeared in 1972 [41]. SIMDs (Single Instruction-stream Multiple
Data-stream) and MIMDs (Multiple Instruction-stream Multiple Data-stream) are the
most important categories of computer systems for parallel computation. Most early
parallel computers had a SIMD-style design. A SIMD computer has a central controller
that broadcasts commands to multiple processors. The commands are executed
synchronously on the set of processors. On the other hand, with MIMD architectures,
each of processors has its own program and executes at its own pace. Processors
exchange information by shared memory or messages passing. Due to their flexibility in
taking advantages of high-speed off-the-shelf microprocessors, MIMD computers are
generally believed to be more powerful and more performance/cost effective compared
with SIMD computers. Therefore, current research in various application areas including
real-time systems has put a great deal of emphasis on use of MIMDs.
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Here we will follow the common practice in real-time computing [111] and
complexity results for parallel computation [46] of using the term multiprocessors (or
MP) for asynchronous computers. Therefore, the terms of multiprocessors and MIMDs
are interchangeable in this work. It should be observed that this usage of multiprocessors
is in conflict with the usage of some other books and papers [103], where this term is
referred to MIMD computers with shared memory.
The Air Traffic Control (ATC) system is a typical real-time system. Tasks in an
ATC system are time critical for obvious reasons. Use of the multiprocessor approach for
ATC has been widely explored for over 40 years. The FAA (Federal Aircraft
Administration) has spent a great deal of effort on finding a predictable and reliable
system to help the country to achieve free flight. This would allow pilots to choose the
best (e.g. shortest) path rather than following pre-selected flight corridors. However, all
results so far have been unsatisfactory. To a large degree, this is due to the fact that the
software used by multiprocessors in solving real-time problems involves solutions to
many difficult problems such as dynamic scheduling. Numerous complexity results have
established that almost all real-time task scheduling problems on multiprocessors are NPhard [46,108,110,111]. This means no tractable (e.g., polynomial time) multiprocessor
solution to a real-time problem is expected if this solution has to handle scheduling of
real-time tasks. Even though many researchers have put extensive efforts into producing
a reasonably good (e.g., using heuristic algorithms) solution to the ATC problem, these
efforts have been disappointing. The nation’s ATC system using multiprocessors has
repeatedly failed to meet the requirements of the ATC automation system. One such
project was canceled after ten years [81,82,102]. It is frequently been reported that the
current ATC system periodically loses radar data without any warnings and misses
tracking of aircraft in the sky. This problem has even occurred with Air Force One [120].
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On the other hand, our solution provides a completely different approach to this
real-time processing problem. The ASC model is an associative SIMD model and a
computer that supports this model is called an Associative Processor (AP) or associative
SIMD computer. Instead of using a multiprocessor approach that has been shown to be
theoretically and practically difficult, we provide a simple solution using an associative
SIMD computer. The efficiency and predictability of this approach have been established
in previous simulation demonstrations for this problem.
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Figure 6.1 A possible AP architecture for ATC

Figure 6.1 indicates the AP architecture that is assumed for the ATC solution. The
AP provides a new dimension of memory access. Instead of accessing 32 bits in one
memory cycle, an AP with 16,000 PEs (or ALUs as we sometimes call them) can access
16,000 bits at one time. Traditional SIMDs cannot handle the ATC requirements because
of I/O limitations. This I/O limitation is overcome by the MDA (Multidimensional
Access) memory [18,20,107] of Figure 6.1. The flip network is a corner turning network
that provides access to a bit slice of data in the normal SIMD mode, or a word slice of
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data for I/O [18,21,98]. The word direction of data is compatible with the concept of
entries of a relational database record. These features of the AP architecture exist in both
the STARAN and ASPRO machines [18, 74].
6.2 Real-time processing

A real-time system is distinguished from a traditional computing system in that its
computations must meet specified timing requirements. A real-time system executes
tasks to ensure not only their logical correctness but also their temporal correctness.
Otherwise, the system fails no matter how accurate a computation result is.
As conventionally defined [111], a real-time task is "an executable entity of work
that, at minimum, is characterized by a worst-case computation time and a time constraint
or deadline". A job is "an instance of a task or an invocation of a task". When a task is
invoked, a job is generated to execute this task with the given conditions. The release
time of a task is the time that the task (or a job of the task) is ready to be executed. A real-

time task can be periodic, which is activated (released) in a regular interval (period);
aperiodic, which is activated irregularly in some unknown and possibly unbounded
interval; or sporadic, which is activated irregularly in some known bounded interval.
Typically, real-time scheduling can be static or dynamic. Static scheduling refers to the
case that the scheduling algorithm has complete knowledge a priori about all incoming
tasks and their constraints such as deadlines, computation times, shared resource access,
and future release times. In contrast, in dynamic scheduling, the system has knowledge
about the currently active tasks but it does not have knowledge about new task arrivals.
Thus the scheduling algorithm has to be designed to change its task schedule over time.
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We introduce a new term that is called jobset for the AP. Observe that an AP is a
set processor, as each of its instructions operates on a set of data. As a result, the AP can
execute a set of jobs involving the same basic operations on different data
simultaneously. This set of jobs is called a jobset. Compared with the common
understanding of a job as an instance of a task in the MP, in the AP, a task is considered
to be a sequence of jobsets.
For a specific real-time system like ATC, some parameters are defined. A system
period P is the time during which the set of all tasks must be completed. The system
deadline D is the constraint time for a system period. A task deadline d is the time

constraint for an individual task. Deadlines can be hard, firm, or soft. A hard deadline is
a time constraint for a task that failure to meet it will result in disastrous consequences. A
firm deadline is a time constraint for a task that failure to meet it will produce useless

results but cause no severe consequences. A soft deadline is the time constraint for a task
that the result produced after this deadline will be degraded but may be still useful in a
limited time period. Hard deadline tasks are critical while soft deadline tasks are noncritical. For the ATC system it is obvious that missing deadlines is not tolerable.
Therefore we consider only hard deadlines in our work. According to [111, static
scheduling], a static schedule can be used if the summation of task times for the system
period is less that the system deadline D, otherwise a static schedule is infeasible.
A real-time system can be built on a uniprocessor or on a multiprocessor. Given a
set of real-time tasks, a primary concern for a real-time system is how to schedule these
tasks to ensure they meet various constraints including deadlines. Depending on different
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criterion such as minimizing the sum of all task computation times and minimizing the
maximum lateness (the time elapse between a task release and its execution), different
scheduling algorithms can be designed. An optimal scheduling algorithm is one that may
fail to meet a deadline only if no other scheduling algorithm can [111]. With a
uniprocessor system or a sequential processor, it has been shown that there exist optimal
scheduling algorithms. For example, the Earlier Deadline First (EDF) algorithm and
Least Laxity First (LLF) are optimal for scheduling a set of independent real-time tasks

on a uniprocessor [110]. (Here laxity is deadline minus computation time minus current
time.) In certain circumstances, the Rate-Monotonic (RM) scheduling algorithm has also
been shown to be optimal [65, 73]. However, as real-time systems become larger and
tasks become more sophisticated, real-time processing has become much more dependent
on parallel systems. In other words, using more than one processor to execute tasks
simultaneously seems to be mandatory. Unfortunately, this is not a straightforward
change, because of the long-established theory that almost all real-time scheduling
problems using multiprocessors are NP-complete [46,108,110]. With the multiprocessor
system, there is no optimal scheduling algorithm has been discovered for almost all cases.
Researchers have been driven to using heuristics to design scheduling algorithms on a
multiprocessor. However, these heuristics are usually expensive in that they consume a
lot of computation time, and sometimes additional hardware support such as a scheduling
chip is needed. Moreover, use of heuristics result in systems that in are inherently
unpredictable.
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6.3. Air Traffic Control (ATC)

An ATC system is a real-time system that continuously monitors, examines and
manages space conditions for thousands of flights by processing a large amount of data
that is dynamically changing due to reports by sensors, pilots, and controllers. The ATC
software consists of multiple real-time tasks that must be completed in time to meet the
individual deadlines. By performing various tasks, the ATC system keeps timely correct
information concerning positions, velocities, contiguous space conditions, etc., for all
flights under control. Since any lateness or failure of task completion could cause
disastrous consequences, time constraints for tasks are critical.
Data inputs come mainly from sensor reports and are stored in a real-time
database. In our working prototype of the ATC system, a set of sensor reports or track
reports arrive every 0.5 seconds. Multiple sensors may return redundant data on some
aircraft. All tasks must be completed before new sensor data arrive for the next cycle.
In order to present our work more clearly, we briefly describe our analytical
prototype of the ATC system and ATC tasks in this section. System constraints and ATC
task characteristics are listed first, then ATC tasks and task examples are explained. A
worst case ATC environment that is based on real world facts is also given. Some details
have been discussed in [82, 83, 84].

6.3.1 System constraints

Besides time constraints, a real system may have other constraints. These are
resource constraints, precedence constraints, fault tolerance, and communication
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requirements. They specify limitations of the system in different aspects. For the ATC
system, we consider the following features.
•

Resource constraints – an ATC task may require access to certain resources other than the processing
system, such as I/O buffers which retain information for non-conflicting use by scheduled tasks at each
task release time.

•

Precedence constraints – tasks are strictly scheduled in precedence order (This is also EDF order) so
that no more precedence concerns are involved in task releasing and execution.

•

Concurrency constraints – tasks cannot obtain concurrent access to resources if there is a single
instruction stream to control the tasks.

•

Communication requirements – a system that has distributed elements requiring bi-directional
communication paths is not considered.

•

Fault tolerance – when multiple instances of a task are executed for fault-tolerance, the different
instances are executed simultaneously on different processor systems.

6.3.2 Task characteristics

Besides time constraints, there are other assumptions for ATC tasks in our ATC
system. Before specific ATC tasks are described in Section 6.3.4, we give general
characteristics of an ATC task.

•

All tasks are periodic. Although each task has its own deadline, all of them must be
completed by the system deadline D, or the system period P.

•

All deadlines are known at the task release time.

•

Aperiodic jobs are handled by a special task in a particular time slot in every cycle.

•

Tasks are independent in that there is no synchronization between them nor shared
resources. The static schedule fixes release times and deadlines for each task.
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•

Overhead costs for interrupt handling are included in each task cost.

•

Task execution is non-preemptive.

•

Task deadlines are all hard and critical. None can be preempted or deleted without
possible adverse effects.

6.3.3

The worst-case environment of ATC
The US nation air traffic control system is divided into 20 airspace regions called ATC enroute

centers. Each center is divided into sectors. A controller may control one or more sectors in a center. In the
ATC center we consider, there are 600 controllers. Also, our worst case ATC environment has 12,000
aircraft tracks. There are 4,000 controlled IFR (Instrument Flight Rules) flights in the current controller
center. The remaining 8,000 are uncontrolled VFR (Visual Flight Rules) flights and adjacent center
controlled IFR. Because of the multiplicity of sensors, we assume there are 12,000 sensor reports coming
into the system per second.
Corresponding to the number of flight tracks, the ASC is assumed to have 16,000 PEs that can be
used to process data simultaneously. Each of PEs is randomly designated to a particular track. Since ASC
has wide memory access bandwidth, it can read from or write to any or all tracks as local memory access.
This provides highly parallel processing of data.

6.3.4 ATC Tasks
An ATC system has to process a large amount of data coming
from radar sensors and provides accurate flight information in highly
constrained time. Various processing procedures can be grouped to
following eight major tasks [82].
•

Report Correlation & Tracking

•

Cockpit Display
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•

Controller Display Update

•

Aperiodic Requests

•

Automatic Voice Advisory

•

Terrain Avoidance

•

Conflict Detection & Resolution

•

Final Approach (100 runways)
Each of these tasks is executed periodically. A task has an individual number of

jobsets in each period P and each jobset has its derived execution time. The running time
for a task is the execution time of the worst case jobsets. A task has a deadline
determined by its release time plus its running time. All deadlines of individual tasks
must conform to the system major deadline D or the major period P.

6.3.5 Task examples

To better understand the ATC tasks, we give some examples of
the ATC tasks in this section. They were also presented in more detail in
[83]. Since the ASC is used to execute these tasks, we are able to take
advantages of the ASC machine and execute the tasks in jobsets.
Intuitively these tasks are more efficiently executed on an associative
processor than on a multiprocessor.
Example 6.1 – Report correlation & tracking
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Report correlation and tracking is a task that correlates aircraft
data about position as reported by radar and the predicted data of
established tracks for the aircraft in the system. A track is the best
estimate of position and velocity of each aircraft under observation.
This task is present in many command and control real-time systems
and a major limitation in ATC performance. In our work, it is assumed
to execute every half second period.
Since all these data are stored in a shared relational database, we
use two database relations to record aircraft data from radar reports
(Relation R) and the predicted positional data of established tracks for
the aircraft (Relation T). The correlated radar reports are used to
smooth the position and velocity of the tracks to obtain the next estimate
of position and velocity. Altitude information would be used to obtain a
better correlation, but for simplicity we do not include that operation in
our work. Given an unordered set of tracks, each report record must be
evaluated with every track record in the system to assure a match
(correlation) is not missed. Multiple matches are treated different from
unique matches, and any report records that do not match a track
record are entered as new tentative tracks.
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The correlation process proceeds as follows. First, a box is developed around each track to
accommodate track uncertainties. A box is also developed around each report to accommodate report
uncertainties. The two database relations R and T contain information about the x and y coordinates of
points in 3-D space. The objective of the task is to determine the join of the two relations as the
intersection of two boxes, which is a many-to-many join. Each box from R is evaluated for intersection
with every box in T until all boxes from R have been compared with all boxes in T.
As presented in [82,83], let T have columns x, y, j, x1, y1, and q. Let R have columns x, y, r, and
k. Here (x, y) is the position of aircraft on the records of T or R; j, r are used to give the sizes of boxes
developed for aircrafts in T and R, respectively. (x1, y1) in T is the reported position for the track record
that is based on the current correlated radar report. Both q and k are flags set during the correlation
procedure. As shown in Fig. 6.1, a box is developed around each point (x, y) with the four corner points
(x±j, y±j) in T. A similar box is developed about each point (x, y) in R with the four corner points (x±r,
y±r). j is based on the uncertainties, as shown by track quality, of each track in T and r in R is based on
uncertainties in the radar report in R. Each box of the radar report in R is compared with each box of the
track record in T. If an intersect is found between one report box and one track box, for example, r2 and t2
in Figure 6.1, then the report data is entered into x1 and y1 of the correlated record in T and a correlation
flag is set in column k. This record will be excluded from further testing with other reports in this period. If
two or more matches are found, an ambiguity flag is set into the correlated k values to indicate matches are
ambiguous, and associated tracks are not updated in this period. If no match is found, a not match flag is set
into column q of the correlated record in R.

t1(x(t1)±j, y(t1)±j)
t2
r1(x(r1)±r, y(r1)±r)
r2

radar reports (R)

an intersection
r3
established tracks (T)
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Figure 6.2 Track/Report correlation

When all report boxes have been compared with all track boxes, we repeat the
above process using an increased size of boxes for those tracks that have not been
correlated. This is to consider the uncertainties that may have been caused by track
acceleration, turns, or by greater noise in the report. The value of j is doubled to enlarge
the box for all tracks that do not have a correlation flag or an ambiguity flag in column k
of T. The process is repeated for all unmatched radar reports, which have the “not match
flag” of column q set in R. When no intersections are found, the process is repeated with
j= 3*j. If there still remain unmatched radar reports, new tentative tracks are started for

the reports in order to detect arrival of any new flights. If reports are due to noise, they
usually will be dropped in a few periods (several seconds) based on further evaluation of
other radar reports.
It is noted that, in the AP solution, each report record is tested with every track
record in one set operation set operation that requires constant time. That is, the overall
AP time is O(n) where n is the number of reports in this period. In the MP on the other
hand it is seen that the MP process is O(n2) because it has |R| × |T| processes, assuming
O(1) processors can access and update needed data from the dynamic data base and work
on this problem simultaneously. In the worst case situation we anticipate 12,000 reports
per second against 12,000 tracks. For the AP this is 12,000 operations which is O(n),
whereas in the MP it is n(n-1)/2 or 7.2×107 which is O(n2).

Example 6.2 – Flight conflict detection
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In the second example, we look at the task of detecting conflicts between aircraft paths in a dense
environment. We consider the worst case ATC environment, as given in Section 6.3.3. The objective of this
task is to determine the possibility of a future conflict between any pairs of aircraft within a twenty-minute
period. To assure timely evaluation, the detection cycle is set to be 8 seconds. Any near approach within 3
miles or 2,000 feet in altitude will be considered a conflict.
Specifically, all IFR flights are evaluated for their future relative space positions between each other;
and each of these IFR flights is also evaluated against all VFR flights for their future space positions. This
means that every 8 seconds we must evaluate each of the 4,000 IFR flights with the other 11,999 IFR and
VFR flights in the worst environment. The process is essentially a recursive join on the track relation
where the best estimate of each flights future position is projected as an envelope into future time. The
envelope has some uncertainty in its future position that is a function of the track state. It is modified by
adding 1.5 miles to each x, y edge of the future position (to provide a 3 mile minimum miss distance) and
1,000 feet in the altitude (to provide a 2,000 feet minimum miss height). For each future space envelope,
its data is broadcast to all remaining PEs first. Then an intersection of this envelope with every other space
envelope in the environment can be checked simultaneously in constant time. It takes 4,000 iterations or
O(n) time to complete all jobs. However, it is readily seen that this process requires Ω(n2) steps in a MP. As
each flight is tested, it is removed from the list. The total number of operations is IFR*(IFR-1)/2+IFR*VFR
or 4,000*(3,999)/2 + 4,000*8,000 which yields 39.998*106 operations (as shown in Figure 6.2).
It is noted that this number does not include many other MP overhead costs that are usually necessary
for concurrency management of multiple jobs on a MP, such as data distribution, processor assignment,
mutual exclusion of data access, etc.

Track Relation
IFR flights
(IFR = 4,000)

The number of comparisons for this part is
IFR*(IFR-1)/2 or 4,000*3,999/2

VFR flights
(VFR = 8,000)
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The number of comparisons for this part is
IFR * VFR or 4,000 * 8,000

Figure 6.3 The worst-case number of operations for conflict detection in MP
However, an AP is much more efficient in executing this task because of its set operations. In the
AP this same process takes O(n) steps and requires only 4,000 operations at most. The reason for this is as
follows. First, all future flight envelopes are generated simultaneously which takes O(1) steps. Then, the
first “trial envelope” of the 4,000 IFR future flight envelopes is compared for possible conflict with all the
other 11,999 flight envelopes for a look-ahead period of 20 minutes. Thus the equivalence of maximum
11,999 jobs is completed simultaneously in this jobset. This occurs because each of the 12,000 records in
the track table is simultaneously available to each of the 12,000 PEs that are active in the AP. The next
operation selects the second trial envelope and repeats the conflict tests against the remaining 11,998
tracks. When a trial envelope has been tested it is marked “done”, and future trial envelopes will exclude
all prior trial tracks. When the last of the 4,000 trial envelopes is tested the AP will have completed 39.998
× 106 jobs just as the MP did. But due to the simultaneous execution of all jobs in each jobset, the AP will
complete the entire set of jobs in at most 4,000 steps.

6.4 ASC solution to the ATC problem
In the ATC system, all the other tasks we list earlier are essentially similar to the task examples
presented in last section, although they have different deadlines and release times. Handling the execution
of the same kind of k set tasks is the major clue of our solution to the ATC problem. Static scheduling will
be used to ensure tasks can meet their deadlines in the worst case. Aperiodic tasks, such as controller
requests or weather update, are handled by a special task executed once per second.

6.4.1 Static schedule solution
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We apply static scheduling in our AP solution to the ATC problem, which is
fundamentally different from the heuristic scheduling normally used in MP solutions.
Like most other real-time systems, the ATC problem cannot be efficiently scheduled
using multiprocessor. One of the main reasons is that an MP approach uses dynamic
scheduling to schedule all the tasks. The data keeps changing, so the MP system cannot
determine, a priori, how many records will actually participate in the computation of a
task or how much actual computation time a task in a cycle will require. In the AP, since
tasks are executed as jobsets, there is no need to differentiate between a jobset with one
record and a jobset with thousands of records, since both will require the same amount of
time. Thus, the number of records in a jobset is simply a "don't care" parameter. All set
operation times are based on the worst case assumption. This makes it possible to
schedule ATC tasks statically in the AP solution.
We assume that there is a different PE for each flight and that the data for each of the n flights is
stored in its PE. Due to the obvious data-intensive nature of these computations, an AP can efficiently
allocate and manipulate data in terms of set operations. Each record of a relation resides in the memory of
one PE. Since the same operation is often performed on all the involved records, we can process all the
records simultaneously. When using an AP for this example, all of the n jobs in a jobset are processed
simultaneously where n does not exceed the number of PEs. If each jobset cost is ci (for task Ti ), this cost
can be calculated at the instruction level. The following condition establishes overall system feasibility,
where D is the deadline:
k

∑c
i =1

i

≤D

(1)

If Equation (1) is satisfied, the jobs can be processed in order of precedence constraints and all
deadlines will be met.
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Using this theory, a static schedule for the ATC tasks can be designed. Table 6.1 quoted from [84]
provides realistic data of all eight major ATC tasks with their periods, deadlines and computation costs
based on work that was previously done on two associative SIMD or ASC architectures, the STARAN and

Tasks
1.
2.
3.
4.
5.
6.
7.
8.

p

Report Correlation & Tracking
Cockpit Display 750 /sec)
Controller Display Update (7500/sec)
Aperiodic Requests (200 /sec)
Automatic Voice Advisory (600 /sec)
Terrain Avoidance
Conflict Detection & Resolution
Final Approach (100 runways)

.5
1.0
1.0
1.0
4.0
8.0
8.0
8.0

j
15
120
12
250
75
40
60
33

c
.09
.09
.09
.05
.18
.32
.36
.2

Summation of Tasks in a period P

d Proc time
.10
.20
.30
.36
.78
2.93
3.97
6.81

1.44
.72
.72
.4
.36
.32
.36
.2

4.52

The system period P (in which all tasks must be completed) is 8 seconds
p the task period time, in seconds, is used to determine the next release time ri + 1 = ri + p,
j is the execution time, in microseconds, for each jobset of a task,
c is the cost for each task for the worst-case set of jobsets,
d the deadline time for each task ri + c + .01 (includes 10 ms interrupt processing per task)

Table 6.1 Statically Scheduled Solution Time

ASPRO. The STARAN was used in the Dulles airport in Washington, DC for a complete ATC demo at the
International Air Show in 1972. The STARAN-Y was used in a demo of the ATC system prototype for
FAA at a Knoxville terminal in 1971. Also, about 140 ASPROs have been used in the US Navy E2C
airborne early warning system for an environment of 4000 sensor reports starting in 1979. The ASC model
used to provide the performance shown in Table 6.1 had 32 times as many PEs as the 1972 STARAN. The
memory was assumed to be 40 nanoseconds, and the PEs were upgraded similar to the MPP ALU which
also had 16,384 PEs [22].

By examining the figures in Table 6.1, it is easily seen that, with the system

major period of 8 seconds, statically scheduling the tasks with the total processing time of 4.52 seconds to
have them meet the deadlines is possible. If the memory access time were reduced to 20 nanoseconds using
today's technology, the total time would only be 2.26 seconds.
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The resulting fixed schedule of tasks is illustrated in Figure 6.4 from [84]. Time
slots for individual tasks within a system major period (8 seconds) are carefully tailored.
Each of them provides sufficient time for the worst-case execution of the complete set of
system tasks in the ATC system. The periodic tasks are run at their release times and each
is completed by its deadline. For a particular task, its required jobsets need to be
identified at first. Then each of these worst case jobsets is evaluated to determine its
computation time.

Depending on its function and repetition, this computation time

multiplied by the worst case number of the jobsets is assigned to be the worst case
computation cost c of the task.

4, 12, 0

start
T1
10 2

0.5 sec

1, 3, 5, 7,
9, 11, 13,
T2

T3

6

T4

8

14

T5

1.0 sec

4.0 sec
T6

T7

T8

8.0 sec

Figure 6.4. The AP ATC schedule
(The number
is theto
execution
order in a and
period)
One task is specially
designed
handle aperiodic
sporadic jobsets that may

have arrived within the last one second period. These jobsets do not have a regular
period. A one second period as shown in Task 4 in Table 6.1 is designated to process all
of these jobsets. We assume there are no more than 200 such jobsets per second and each
requires less than 250 microseconds, which is reasonable based on real world facts.
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Each jobset within a task executes the same operation on multiple data items simultaneously. As a
result, we view these as set operations and consider the AP to be a set processor. Since we assumed the
worst case situation, it is suggested that the maximum set of operands may be of the order of 12,000. An
operation over the entire set of records is executed simultaneously (i.e., in lock step) over all data using one
instruction stream that is executed only once.

6.4.2 Analysis of the AP solution

As given in last section, the static scheduling of all the ATC tasks is feasible.
When the tasks T1 … T8 are executed using the STARAN design, updated for today's
technology, they can be completed in 4.52 seconds, which is 56% of the time available in
each 8 second cycle. It is expected that the total time could be cut in half using 20
nanoseconds memory technology.
The worst case running time for each task can be determined in advance. Because
we design a static schedule based on the fixed worst-case computation time for each of
the tasks, there is sufficient time for execution of all the jobsets. This schedule ensures
that all tasks will meet their deadlines. Therefore, this schedule runs in constant time. In
the likely case when the processing load is lower there will be more waiting time
By taking the advantages of set operations, the wider data access bandwidth (200
to 500 times increase), and the ability to predict the worst case execution time for the AP,
this approach provides a much simpler solution to the ATC problem. The inclusion of
this schedule into a table-driven scheduler [111] has greatly simplified the design
procedure. In addition, the AP also virtually eliminates other problems that the ATC realtime processing usually requires in a multiprocessor environment. These include costs of
running a dynamic scheduling algorithm, resource sharing due to concurrency, processor
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assignment, data distribution, concurrency control, mutual exclusion of data access,
indexing and sorting, etc. These costs not only complicate ATC software and algorithm
design, but also dramatically increase the size, complexity, and processing time of the
system. On the other hand, static scheduling assures the predictability of system
performance. A static schedule is both reliable and adaptable and can easily be modified
to incorporate system changes as needed.
6.5 Complexity theory and current practice for ATC
Seeking an efficient solution for a real-time problem involving scheduling tasks on a
multiprocessor has been explored extensively over the past 40 years. In fact, complexity results for the
problem of scheduling a set of real-time tasks on multiprocessors were established very early. In theorem
[SS8] of [46, page 238] by Garey and Johnson, it is shown that, given a set of real-time tasks each having
varied computation time, there is no known polynomial time algorithm using a multiprocessor to schedule
this set of tasks. In particular, let T be a set of tasks, m ∈ Z+ (the set of positive integers), length l(t) ∈ Z+
for each t ∈ T, and a deadline D ∈ Z+ . The problem of whether there is an m-processor schedule for T that
meets the overall deadline D is NP-complete for m ≥ 2, assuming not all tasks have the same length. (Here,
m-processor refers to a MP with m processors.) This theorem applies to the problem of scheduling ATC
tasks on a MP.
The conditions presented in the AP solution are made more difficult for a MP than would be the
case if all the tasks were independent and did not share resources. Since all tasks share the same data source
(a common database), the scheduling problem for this set of tasks with the added requirements that they be
performed on a MP is NP-hard as observed in [46,108,109]. On the other hand, a polynomial time AP
algorithm for the ATC problem (including scheduling) has been described in this chapter. While the MP
could conceivably also solve the problem using static scheduling by simulating the AP solution,
communication time makes such a solution highly unlikely. This AP solution is not the one normally
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chosen by professionals working in this area. One explanation for this is that AP (and SIMD, in general)
algorithms are very fine grained, but coarse grain algorithms that emphasize "parallel slackness" and faster
average running time are considered to be more efficient for asynchronous computation. Other reasons for
this include the inability of the MP to efficiently simulate an AP algorithm, which will be discussed in the
next chapter. An inefficient simulation of the AP algorithm is likely to result in the MP being unable to
meet the required deadlines.
As a result of the preceding discussion, it is apparent that the AP can solve this real-time problem
in polynomial time, but that an MP cannot normally solve the same problem in polynomial time. In view of
all the attention this problem has received, and expenditure of thousands of person years, it is highly
unlikely that a polynomial time MP solution will be found.
However, given the current dominance of MIMDs, current research on command and control realtime systems like ATC remains focused almost exclusively on MIMD architectures. A lot of work is
devoted to using heuristic techniques to speed up the MP solutions, but the resulting software is still
unsatisfactory.
MP solutions of the ATC problem have repeatedly failed to meet the Federal Aviation
Administration air traffic control requirements [81,82,102]. One notable example is the ten-year effort to
develop the Automated Air Traffic Control System (AAS). The AAS program was canceled in June 1994
after expenditure of several billion dollars [102]. A USA Today editorial [120] sees the situation this way:
“This time, the FAA has only itself to blame. Back in 1995, Congress freed the FAA from cumbersome
procurement rules that the FAA claimed were the main cause for the unrelenting delays and cost overruns
plaguing their 17-year, $41 billion modernization effort.” Another example is a recent special broadcast on
ABC news about current ATC system difficulties [132]. They stated that the cost of the development of the
current solution to the ATC problem through 2005 has been projected to be 44 billion dollars. All attempts
at providing a multiprocessor solution to the ATC problem dating back to 1963 have failed to meet their
performance requirements (e.g., CCC that started in 1963, DABS/IPC in 1974, AAS in 1983, STARS in
1994.). The STARS project is now over budget and nearly four years behind schedule [102].
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On the other hand, the AP solution to ATC presented here indicates that a simple, low order
polynomial time solution is possible. In fact, a demonstration of a complete hardware-software ATC
system using an early version of the STARAN, an ASC computer, was given in the Dulles airport in
Washington, DC at the International Air Show in 1972 by Goodyear Aerospace [81,84], while the
engineering development team was headed by Will Meilander.

The ATC software consisted of the

following processing tasks: automatic tracking, conflict detection, conflict resolution, terrain avoidance,
and automatic voice advisory for pilots in an environment of 2000/4000 tracks/reports. The 1972 AP demo
provided capabilities that are still not possible with current ATC systems. Given the above fact, we feel that
resources should be provided to develop appropriate AP hardware to test the ATC system prototype and
expand this restricted AP solution to a full-scale solution to the current nation's ATC problem.
Additionally, more attention needs to be given to possible ASC and MASC solutions to other real-time
problems and to computational intensive application areas involving large real-time databases such as
bioinformatics and military command and control systems.
6.6 Summary
In this chapter, a feasible and predictable ASC solution to the ATC problem is presented. The
ATC problem is a typical real-time problem that has been extensively explored using multiprocessors by
numerous researchers and software developers. However, a satisfactory solution has not been discovered.
In complete contrast to the conventional solutions using multiprocessors, the ASC solution employs static
scheduling and takes advantage of the huge processor to memory bandwidth and the unique associative
features of the AP architecture. Using ASC, each task is allocated sufficient execution time based on its
worst case computation time and executed in jobsets using set operations. An AP can allow considerable
amounts of real-time data to be accessed in constant time. No data indexing/sorting is needed, as data can
be located easily using associative searches. Similarly, no message passing is needed as there is only one
instruction stream and this IS controls all execution activities. In the prototype of the worst case ATC
environment, the total computation time of all eight periodic ATC tasks is 4.52 seconds, about 56% of the
system major cycle period of 8 seconds, and this time could be cut by a half using today’s memory
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technology. It is seen that a feasible and predictable schedule of all the ATC tasks can be designed. The
ASC solution runs in polynomial time, in contrast with the conventional MP solution that involves dynamic
scheduling that has been proven to be an NP-complete problem. Repeated failure of the national ATC
system design for over forty years demands an efficient ATC solution using a completely different system
paradigm. The ASC solution provides this new approach.
The reasons that the ASC model can solve the ATC problem efficiently are its constant time
associative operations, SIMD execution style, and extremely wide memory bandwidth. These have
eliminated a number of difficulties that have to be handled in other MIMD architectures. We give more
detailed discussion in the next chapter.

Chapter 7
Power of SIMDs vs. MIMDs in Real-time Processing
7.1. SIMD vs. MIMD

We have briefly introduced the Flynn's classification of computer systems in last
chapter. As we mentioned in Section 6.1, the SIMD and MIMD models are the most
important categories for parallel computation. With SIMD, all processors are ALUs
controlled by a central control unit and operate in lockstep or synchronously. The SIMD
model has advantages of being easily programmed, since it is programmed even more
simply than a sequential processor is programmed by virtue of the fact that it never needs
to manage iteration over a set of data. The SIMD model is also cost-effective, highly
- 102 -

scaleable, and especially good for massive fine-grain parallelism. On the other hand, with
MIMD, each of processors has its own program and executes at its own pace or
asynchronously. Thus, the MIMD model has advantages of high flexibility in exploiting
various forms of parallelism, availability of using current high-speed off-the-shelf
microprocessors, and being good for coarse-grain parallelism. As hardware prices have
dramatically dropped during the past decades, MIMD computers (particularly clusters)
have become cheaper to build and to update architecturally than SIMD computers. They
have shown a better performance/cost ratio on average and drawn more researchers'
attention in general. It is commonly believed that the MIMD model is more powerful
than the SIMD model. One example of this is the statement "MIMD machines can solve
any problems as efficiently as any other types of computers" [124]. As a result, MIMD
computers dominate today’s market and SIMD computers have all but vanished. Many
people in the field are pessimistic about the future of SIMD computers [10,30,95,97].
However, for some real-time problems, in particular, the Air Traffic Control
problem in the last chapter raises questions concerning the validity of the claims that the
MIMD model is more powerful than the SIMD model. For the ATC problem, an efficient
SIMD solution can be obtained that runs in low-order polynomial time, while it appears
to be very difficult and perhaps impossible for a MIMD to provide a polynomial time
(i.e., tractable) solution that meets the required deadlines. This suggests that SIMDs may
not be outdated and may have an important role to play in meeting current computational
needs. MIMDs have some intrinsic weaknesses such as synchronization costs,
communication limitations, mutual exclusion for accessing shared resources. The impact
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of all these weaknesses was not seriously recognized until MIMD solutions to the ATC
real-time problem with hard deadlines was compared to a AP solution of this problem.
While an AP has additional capabilities not possessed by a traditional SIMD computer,
most SIMD computers can simulate an AP efficiently and in low order polynomial time.
In this chapter, comparisons of SIMDs and MIMDs in terms of power in real-time
processing are further discussed. We will analyze the limited power of MIMDs based on
discriminating simulations between a SIMD model (ASC) and a MIMD model (BSP).
We will also discuss theoretical and practical difficulties of finding an efficient MIMD
solution for real-time processing. While a typical MIMD solution to a real-time problem
involves dynamic task scheduling which is an NP-hard problem, an associative SIMD
solution to ATC can avoid dynamic task scheduling so that an efficient polynomial time
ASC solution can be developed. Based on this fact, it is strongly urged that the research
community reconsider the power of SIMD computations.

This chapter is organized as follows. Section 7.2 lists advantages
of associative SIMD or ASC when used to solve real-time problems.
Section 7.3 presents possible MIMD approaches to solve ATC problem
and shows why they cannot work efficiently. Section 7.4 discusses
difficulties of efficient MIMD solutions to a real-time problem. Section
7.5 analyzes simulations between ASC and BSP in the common sense
and explains why they cannot be used to transfer a SIMD solution to a
- 104 -

MIMD model for real-time processing. Section 7.6 provides the
summary.
7.2. Advantages of associative SIMDs or ASC
The ASC model is an associative SIMD model. It has one instruction stream (IS) and all PEs
execute synchronously. Its associative properties include locating data by content rather than by address
and other constant time associative operations. It stores, retrieves, and processes data in a different way
compared with a conventional parallel model. It naturally supports massive data-parallelism. The following
detailed features make it especially efficient in solving real-time problems such as ATC. In fact, using these
features, associative SIMDs are expected to be useful in providing extremely efficient solutions to other
command and control type problems and, more generally to other real-time problems with deadlines.
•

Eliminating expensive synchronization and communication costs
Since a MIMD has the flexibility to allow every processor to run at its full speed on independent

computations without waiting for the other processors, it is generally believed that such an asynchronous
model is faster than a synchronous SIMD model. This belief is sometimes interpreted to mean that if a
problem can be solved efficiently in a synchronous model, then it should be possible to execute the same
algorithm in an otherwise identical asynchronous model at least as efficiently. However, it has been shown
that synchronization of p processors in an asynchronous PRAM model takes Ω(log p) by gathering
responses from all the processors [48]. Moreover, the actual synchronization costs are very high for most
realistic models and actual computer systems. Even with a low complexity bound for communications, in
practice the value of the constant for these complexity bounds can be quite large. Also with the
communications capabilities available in most models, the complexity of the operation of gathering
responses from all processors will be much greater than Θ(log p). In practice, it is difficult and usually
impossible to provide guaranteed efficient bounds on message transmission times in an asynchronous
system with heavy communication traffic. Coarse-grained computation is normally used with asynchronous
systems to maximize the amount of computation done between synchronizations and to minimize the
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number of synchronization points. However, these problems are all eliminated in the ASC model since all
the PEs in ASC execute synchronously. An associative computer has a single IS. This IS, all PEs (which
are really only ALU’s), and the interconnection network operate using a single clock, so that there is no
concern about synchronization costs. The communication algorithm steps are executed synchronously so
that communication times can be predicted.
•

Locating data by content rather than by address
In ASC, data is accessed by content rather than by address. Sorting and indexing are normally

avoided in ASC algorithms since the usual reasons for sorting or indexing is to allow items to be located
quickly. Normally, MIMD real-time applications maintain multiple sorted lists in order to more quickly
locate different data items based on different search parameters. This increases both the size of the MIMD
software package and the amount of computation required. In a highly dynamic real-time system, the cost
of updating a large set of indexes and searching for data items in a large distributed data base can be very
high. This additional time can make it much more difficulty for a MIMD system to meet real-time
deadlines. Since ASC does not require these tasks, it simplifies the design of real-time algorithms and
reduces their running times significantly.
•

Massive parallelism for intensive data-parallel computations
Due to its ability to support a very large number of processors, a SIMD usually assigns one or, at

most, a small number of records of each type to a PE in contrast to a MIMD. As a result, a SIMD supports
data-parallelism much more efficiently. The broadcast capability of the ASC model allows data to be
broadcast to all PEs and minimizes (and often eliminates) any needed data movement on the
interconnection network between the PEs. Any parallel data flow that occurs in SIMDs using the
interconnection network between the PEs will be programmed to move synchronously, avoiding the
problems associated with procedures such as store-and-forward, pipelines, etc. However, with a MIMD
model, the data movement is handled using either a network between the processors or shared memory. It is
difficult to predict the time required for data movements in a congested MIMD network or on a jammed
memory bus. Additionally, since the PEs in the ASC model execute all operations simultaneously, a jobset
for a large number of objects can be executed simultaneously and the exact worst case time can be
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calculated and be allocated to the jobsets. However, a MIMD model executes operations of a real-time task
asynchronously and each processor normally has multiple processes running at the same time. Since all of
the processes on each MIMD processor will need to access and update a distributed database, it is usually
impossible to calculate the exact running time of a single task on one processor. It is even more difficult to
calculate a reasonably tight upper time for all the processors to execute all the similar tasks that a SIMD
can handle in one jobset.
•

Wide memory bandwidth providing a large amount of data simultaneously

Conventional memory access suffers from a very limited bandwidth that usually
allows 32, 64, or 128 bits (or a word) per memory access. While it can be argued that a
MIMD can access a memory item during the same general time period, a problem with a
MIMD is that each memory access by a processor only provides one processor with the
item retrieved from the memory. With a distributed memory MIMD, an item retrieved
from memory by one processor has to be sent to another processor that needs that item
using message passing. With a shared memory MIMD, all processors that need a
particular item must obtain it from shared memory, which is a much slower and much
more complex process than a processor obtaining data from its local memory. The
process of storing an item from a MIMD processor to distributed or shared memory is
similar. All of the continual data movement between the distributed memory and the
various distributed processors contribute substantially to the demands on the network,
which must also handle data movements required by the algorithm being executed. A
similar situation occurs with the shared memory MIMD system. Also, since the number
of processor in a MIMD is normally small in comparison to the number of PEs in a
SIMD, each processor in a MIMD must have much larger number of memory accesses
and memory stores than each PE in a SIMD.
In contrast, with a SIMD, all processors can simultaneously retrieve a bit
(alternately byte or word) from their local memory. For example, the STARAN had a
memory access capability of 44,096 bits per access. Since records for a particular object
are all stored in the local memory of the same processors, there is frequently no need to
send an item from these records to other processors. When a data item is needed by
multiple processors, that item is normally broadcast in one step to all of the processors
using the fast broadcast bus.
The ASC model assumed here for the ATC application has been enhanced with a
multidimensional access memory (MDA) scheme based on the computers that motivated
the ASC model, namely the STARAN and ASPRO [18,74]. This MDA feature was
implemented by a flip network between the memory and the PEs. (Actually, the ASPRO
had a series of flip networks, but that is not important to the current discussion.) The flip
network allowed the PEs to access in one step either a bit slice containing a bit from each
PE or a block of memory (or a long-word slice) in one PE containing a record. In
addition, the MDA scheme is designed to convert the accessing data format from bit- 107 -

slices to word-slices in constant time, which is called corner turning [18, 98]. A bit-slice
is used for wider bandwidth to move data between PEs and memory, while a word-slice
is used for faster input/output to transfer data between memory and I/O devices. The
MDA feature enables the ASC to overcome the bit by bit memory bottleneck problem
existing in nearly all other SIMD computers. It also provides a SIMD with a fast I/O
capability.

7.3. Possible MIMD approaches to solve the ATC problem
Most of the work of developing ATC software during the last 40 years has
focused on software for various types of MIMD computers. As noted earlier, extensive
efforts have been made at various points in time to develop software for a multiprocessor
system and these have involved enormous costs and thousands of person years of effort.
Here, we will consider two possible MIMD solutions to the ATC problem. The first
approach considered is a standard MIMD-type solution using dynamic scheduling for
ATC tasks. This approach has been the principal one followed during the past 40 years
and has been explored by many researchers and software developers who work in this
field. The second possible solution considered is a MIMD simulation of the AP solution
presented in last chapter, which uses static scheduling. Since MIMDs are assumed to be
able to simulate SIMDs and to execute SIMD algorithms as efficiently as SIMDs, it is
particularly important to consider this approach carefully. This section provides detailed
discussion about both of these possible approaches and analyzes problems existing in
each approaches.
In the first (or the standard MIMD) approach, all processors execute their own program
asynchronously. The focus is on obtaining the best average case running time (as opposed to the fastest
worst case time used in the earlier AP solution) in order to obtain the best overall performance. Typically,
software for MIMD systems emphasizes coarse grain computation (which maximizes the amount of
computation the processors perform between synchronizations) and parallel slackness (which expects
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multiple jobs to be assigned to each processor in order to maximize the amount of time that, on average, the
processors stays busy doing useful computations). The execution times for most ATC tasks are
unpredictable for many reasons, including the fact that each processor is running multiple jobs and the time
to obtain needed data from the distributed or shared memory system is unpredictable. As a result, the time
taken by different (or the same) processors to execute identical jobs for the same task can differ widely.
Therefore, tasks have to be scheduled dynamically. Since a large amount of real-time data is also being
maintained and accessed by tasks in a real-time database, the database activities need to be scheduled
dynamically as well. However, almost all versions of the problem of dynamic scheduling of a set of realtime tasks on MIMD are NP-hard [46, 108, 110]. As a result, such a MIMD solution of the ATC includes
the solution to one or more NP-hard problems. The difficulty of finding solutions to real-time problems that
does not involve the continuous solution of one or more NP-hard problems has led to the general belief that
these real-time problems are themselves NP-hard. However, the ATC is widely accepted as a typical realtime problem with hard deadlines and our earlier polynomial time AP solution to the ATC problem showed
that the ATC problem is not NP-hard.
This MIMD approach has been expanded to include various heuristic algorithms or methods to
provide a low quality but acceptable (e.g., approximate) solution to computationally intensive problems
including dynamic scheduling. There are various types of heuristic algorithms. The most common version
is to provide an “approximately correct” answer, although sometimes it is not feasible (and sometimes
impossible) to check on the closeness of the approximation. Other heuristic algorithms can produce the
correct answer most of the time but either not produce an answer or produce a wrong answer occasionally.
For example, a heuristic algorithm might produce a feasible schedule for executing real-time tasks that was
not the “best possible”. However, these heuristics produce a lower quality answer in some sense and adding
additional software to an already unwieldy system can provide additional possibilities for software errors.
Some heuristics require additional hardware support, such as a scheduling chip. Generally, a heuristic
algorithm will increase the inherent unpredictability of the running time and the size of the software.
As we mentioned in Section 6.5, using a MIMD approach to solve the US version of the ATC
problem has been explored by a large number of experts for a long time. No ATC software has met the
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FAA specifications since 1963. It seems that if a polynomial time MIMD solution is possible, it would have
been discovered. In fact, it is generally accepted that a polynomial time solution for real-time problems
with deadlines such as the ATC is unlikely and probably impossible.
We next discuss the second multiprocessor approach mentioned earlier. It is generally believed
that it is possible to efficiently simulate SIMD computers with MIMD computers. With the rapid advances
in MIMD architectures, some are also inclined to believe that an appropriately designed MIMD computer
could execute a SIMD solution to a problem like ATC faster than would be possible for any SIMD built for
that problem using today’s technology. A MIMD simulation of the ASC solution to the ATC problem given
in Chapter 6 would raise the following problems:
•

A typical MIMD usually has far fewer processors than the 12,000 PEs assumed for the associative
processor executing the ASC solution. A MIMD simulation of this solution would assign each of its
processor to simulate a large number of the PEs for the ASC solution. As the number of SIMD PEs
assigned to a single MIMD processor increases, there will be degradation in the MIMD execution.
Even if the speed of a MIMD can be significantly faster than that of a SIMD processor, the overhead of
this multiple assignment must be considered. On the other hand, if a MIMD is built that is large
enough to have only a few SIMD PEs assigned to each of its processors, then the cost of
communication between the MIMD processors, the cost of accessing and maintaining a distributed
database, and the cost of each synchronization will increase significantly.

•

The ASC solution for the ATC is saturated with the use of the associative operations. A possible
hardware implementation of these in constant time on an associative processor is described in Chapter
4. A significant slowdown in the MIMD simulation of these associative operations is almost certain to
result in missed deadlines in the ATC static schedule, as these associative operations are likely to be
substantially slower on a MIMD than on an associative computer. As indicated by the experiments
reported in [51], the fast implementation of broadcast and reduction operations on a cluster of
workstation has latency of several hundred nanoseconds. This slower execution of the broadcasts and
reductions becomes significantly worse as the data size and the number of processors increases. Since
the implementation of the other associative operations (e.g., associative search) can be implemented

- 110 -

using the broadcast and reduction commands or in a similar fashion to them, it is unlikely that a MIMD
will do a better job of implementing these other commands than with the broadcast and reduction
commands. A software implementation of these associative requires a communication latency of at
least Ω(log n), where n is the number of ASC PEs. On the other hand, the associative processor can
execute these in constant time, using a hardware implementation. It appears unlikely that a MIMD
execution of the associative operations will be sufficiently fast to meet the required deadlines for the
ASC solution to the ATC problem.
•

The computing style used in the ASC solution for the ATC is not usually good for MIMDs. In
particular, this solution involves fine grain parallelism, and not the course grain parallelism usually
recommended for MIMD computation. As a result of this fine grain computation, the number of
synchronizations is likely to be much higher than would be the case for a coarser grain solution
designed for a MIMD computer.
In view of the reasons given above, a significant slowdown in the MIMD simulation of the ASC

solution to the ATC is almost certain to occur and result in missed deadlines in the ATC static schedule.
Since multiprocessor solutions to the ATC problem have been studied for over 40 years, it would seem that
a simple solution like this would have already been considered and tried if there was hope that it would
work. On the other hand, it is hoped that the existence of a tractable ASC solution to the ATC problem
motivates those working on MIMD solutions to this problem to design appropriate MIMD architectures
that will support a tractable MIMD solution. This will be a major breakthrough for many real-time
applications like ATC and will have significant implications regarding MIMD computation in general.

7.4. Difficulties of an efficient MIMD solution
A standard MIMD solution to a real-time problem such as ATC usually has to
deal with dynamic real-time task scheduling. Given a relatively small environment with a
small data size, real-time scheduling is solvable on a uniprocessor. Some optimal
scheduling algorithms such as the EDF algorithm have been developed. Whether a set of
real-time tasks is schedulable or not can be determined in polynomial time using a
uniprocessor. However, the real-time scheduling problem may become NP-hard when
one of the following conditions is added: multiprocessors, shared resources, nonpreemption, varied release times, precedence constraints, etc. [46,110].
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We now analyze why these conditions may be difficult to avoid whenever a
MIMD system is used.
• Multiprocessors
When multiprocessors are used, tasks must be partitioned and assigned to
individual processors. The algorithm used can assign the tasks to processors using some
pre-assignment scheme or some heuristic procedure can be used to dynamically assign
the tasks to processors during execution. However, an optimal assignment of tasks to
processors is desirable and an optimal assignment involves the PARTITION problem.
Since the PARTITION problem of a finite set is a basic NP-complete problem, so is the
problem of optimally assigning a set of real-time tasks with deadlines to a multiprocessor
(the detailed proof can be found in [46]).
• Shared resources
Shared resources also cause a real-time scheduling problem to be NP-hard
[46,110]. In some real-time systems, a real-time database is used as a common resource
accessible by all tasks. Generally, resource sharing can be realized by mutual exclusion
constraints. Unfortunately, finding an optimal schedule for a set of real-time tasks with
mutual exclusion constraints and different computational times is an NP-hard problem.
This is because mutually exclusive scheduling blocks have different computational times
that cause NP-hardness in the same way as discussed earlier using the partition problem.
MIMDs either with shared memory or with distributed memory cannot efficiently
handle mutual exclusion for shared resources. Besides, a shared memory MIMD suffers
from having limited bus bandwidth to transmit data between the shared memory and
individual processors. To overcome this problem, it has to handle cache coherence to
maintain data consistency. A distributed memory MIMD also needs to take into account
the significant costs for data transmission.
The ASC model eliminates the need for mutual exclusive access of shared
resources. All data records for a given object are stored together in the local memory of
the same processor. Most computations involving that object will be computed by the PE
containing its object data. All processors do the computation for each task using jobsets,
so the data needed by all PEs can be retrieved and broadcast. For example, in flight
conflict detection task, the needed flight data for an aircraft is broadcast to all PEs and
then each PE use this data to compute whether or not this aircraft is on a collision course
with its aircraft (i.e., the aircraft whose data it stores). In particular, a single instruction
stream does not require sharing of resources.
• Non-preemption
Although non-preemptive scheduling is easier to implement and incurs a lower
overhead, an efficient non-preemptive scheduling algorithm on MIMD systems is almost
impossible. Most scheduling algorithms on multiprocessors uses preemption
[105,110,111]. However, when preemption on MIMDs is allowed, one must consider the
difficulty of predicting costs involved in overhead, asynchronous execution of tasks
distributed on different processors, synchronization of task execution after preemption,
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etc. Preemption may also worsen task migration and load balance among processors that
exist in MIMD systems. All of these increase the complexity of a scheduling problem,
causing it to be intractable.
• Varied release times
If all tasks have the same release time, a scheduling algorithm can be run in
polynomial time. If tasks have varied release times, the scheduling problem becomes NPhard [46]. In the MIMD environment, there is no global clock to provide an accurate time
stamp and to measure elapsed time. If each processor operates independently at its own
speed, it is impossible to have all tasks proceed synchronously at each step. In addition,
unpredictable communication delays can also change task time stamps. Therefore, the
asynchrony of MIMDs is unlikely to accurately maintain the same timetable for a set of
real-time tasks even though they have the same release time. In contrast, in ASC, all
processors run synchronously. They have absolute time stamps by sharing a global clock.
If release times that are given are the same, they will not be changed.
• Precedence constraints
The existence of precedence constraints is another reason that causes NP-hardness
in real-time scheduling problems. Compared to SIMDs, MIMDs have a small number of
processors. Precedence constraints may require waiting for higher priority tasks or
preemption of lower priority tasks. When tasks have to satisfy a certain order of
execution, MIMDs have to handle problems such as idle processor time, expensive
overhead, task migration, load balancing, communication delays, and so on. The
scheduling problem that assumes precedence constraints is intractable. Unlike MIMDs,
the static execution schedule of the ATC real-time tasks is determined at the time the
program is created. The schedule is hard-coded into the program. The schedule does not
change during execution. That is the reason for calling the schedule static.
The above difficulties seem to be intrinsic weaknesses of a MIMD system when it
is used in real-time processing. When they cannot be avoided in a MIMD system, it is
impossible that we can use the full power of MIMDs in solving the real-time problem.
Consequently, it is not likely that a feasible polynomial time MIMD solution to a realtime problem such as ATC will be found.
7.5. Discriminating simulation of ASC with BSP

We have introduced various parallel models earlier. The abstract BSP model is a
popular model for general-purpose computation, but essentially models MIMD-style
computation. It appears to be an excellent model for most current MIMD architectures
including SMPs and clusters, which are the currently the two most popular MIMD
architectures. As stated in [123], BSP is expected to have universal efficiency over a
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special-purpose model. Then, “special-purpose machines have no major advantage since
general-purpose machines can perform the same functions as fast” and use “high-level
programming languages and transportable software”. Moreover, "theoretically, any
parallel algorithms can be executed efficiently on the MIMD model” [123,124]. Based on
the preceding claims, when an efficient optimal simulation is obtained, any algorithms
can be transferred to the general-purpose model, with optimal efficiency in costs.
In this section, we consider the simulation between the BSP and MASC models to analyze the
power of MIMDs. Theoretically, not only is simulation between parallel models an efficient way to transfer
algorithms from one model to another model, but also a good method to examine the comparative power of
the models related. If one model can simulate another model efficiently, any algorithm on the simulated
model can be transferred to an algorithm on the simulating model through the simulation. The running time
of a transferred algorithm is bounded by the cost of the algorithm on the simulated model multiplied by the
simulation cost. Intuitively, BSP is more powerful that ASC. Simulating BSP using ASC requires a lot of
extra cost. However, our investigation of the simulations between BSP and ASC shows that the power of
MIMDs is usually established on “average-case” does not hold in “the worst-case”. It makes the common
belief that MIMDs are more powerful than SIMDs seems to be limited and not applicable in all cases,
especially in the field of real-time processing where a worst case is usually critical in term of meeting a
deadline.
We next create a simulation of MASC by BSP by giving a series of simulations from BSP to
PRAM, and then from PRAM to MASC. We use M(p) to denote a model M with p processors.
•

BSP Æ PRAM.
It has been shown in [124] that there exist expected efficient optimal simulations between BSP

and PRAM either with exclusive memory access (EREW PRAM or EPRAM) or with concurrent memory
access (CRCW PRAM or CPRAM). When a simulation has optimal efficiency, executing an algorithm on
both the simulating model and the simulated model will result in asymptotically the same running costs (or

- 114 -

asymptotically the same amount of work). If the simulation is randomized, the efficiency is said to be
expected efficiency. Giving a good randomization function, the author has proven that BSP(p) can simulate
a EPRAM(v) with expected optimal efficiency if v ≥ plog p. A BSP(p) can simulate a CPRAM(v) with
expected optimal efficiency if v ≥ p1+ε (ε is a constant and ε >0). Clearly, any polynomial algorithm
running on PRAM can be transferred to BSP in an expected polynomial time.
•

Asynchronous PRAM Æ synchronous PRAM
The PRAM model referred to in [124] is assumed to be an asynchronous PRAM, in which each

processor executes its own program. It strongly favors the power of asynchronous MIMD machines. In
fact, as variants of synchronous PRAM, asynchronous PRAMs have been studied by many researchers in
the past [11,48,34]. The best known is Gibbons’ asynchronous PRAM [48]. The author has shown that a
time t algorithm on EPRAM(p) can be simulated by an asynchronous PRAM(p/B) running in time O(Bt)
where B is the time to synchronize all the processors used in the algorithm and it is a function of the
number of the processors. Usually B(p)≤ p and mostly B(p) = O(log p). This simulation is a work-preserve
simulation, which means that the amount of work through the simulation remains asymptotically the same.
•

EPRAM Æ CPRAM
It has been long known that an EPRAM(p) can simulate any variant of a CRCW PRAM(p) or

CPRAM(p) in O(log p) [52]. The simulation can be either randomized or deterministic.
•

CPRAM Æ MASC
A CRCW PRAM(p) or CPRAM(p) can deterministically simulate MASC(p) in O(logp). This is

because a processor of a synchronous PRAM can simulate each of PEs of the MASC. One of the PRAM
processor takes the role of the only IS. Broadcast and reduction operations take O(log p). Therefore, a
polynomial algorithm on MASC can be transferred to a polynomial algorithm on a synchronous PRAM.
Combining the above simulations, we have obtained a series of simulations from BSP to MASC.
All of these have provided a chain of polynomial transformations for an algorithm from one model to the
other with good expectation in a given simulation. An algorithm running in polynomial time on MASC can
be transformed to BSP also running in polynomial time. Theoretically, this should also be applicable to a
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real-time scheduling algorithm. Considering the power of the BSP model that has been claimed for years,
this seems to be an unarguable "theorem".
However, based on our analysis in Section 7.3, there are problems with this claim. We observe
that a randomized simulation does not accurately encompass the power of the models. An average-case
simulation cannot be applied to an algorithm that requires worst-case analysis. For a real-time problem like
ATC, the power of MIMDs based on the average case or probabilistic expectation seems to be less
meaningful. In this sense, the power of SIMDs has been underestimated.

It appears that when simulating and comparing a synchronous model and an
asynchronous model (or a SIMD model and a MIMD model), there might be some
factors underestimated or ignored. First, some costs on communication and
synchronization are underestimated; especially for the situation when multiple processors
try to access a shared resource simultaneously. Second, the existing simulation
algorithms (e.g. between BSP and PRAM, between PRAM and MASC) are based on
randomization and use of hash functions. They completely ignore the worst case.
However, a real-time processing system requires that task execution be predictable to
meet the deadline in the worst case as well as in a randomized case or an average case.
One of the reasons a solution to the NP-hard multiprocessor dynamic scheduling problem
is needed in real-time processing is due to having to meet the deadlines in the worst case
and not just in the average case.
The NP-hardness of the multiprocessor scheduling problem is also caused by the
consideration of the worst case, as an MIMD algorithm has to be designed for the case as
worst as possible to guarantee its correctness that might have accumulated an exponential
increasing running time.
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7.6 Summary

In this chapter, we have given detailed discussion of the power of
SIMDs vs MIMDs in real-time processing. We have also presented
advantages of an associative SIMD and discuss difficulties MIMDs in
finding an efficient solution to real-time problems. These difficulties
were not fully recognized until MIMDs were applied to solve real-time
problems such as ATC. As a popular MIMD model, the BSP model was
intended to model most parallel systems, both SIMDs and MIMDs.
However, as we have observed, BSP ineffectively models SIMDs and can
result in SIMD algorithms run very inefficiently in the worst-case
environment. Our research has shown that SIMDs are not outdated as
MIMD researchers have pessimistically stated. They are more efficient
and powerful enough to solve some real-time problems involving
massive data-parallel computation. These problems are considered
intractable for MIMD systems. Moreover, considering the SIMD's
advantages

of

simple

programming

styles

and

hardware

implementations, we suggest that it deserves more attention and more
utilization, especially in real-time applications. The importance and
efficiency of SIMD computation need to be reconsidered.
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Chapter 8
Overall Summary and Future Work
We have presented our research work on evaluation of the power of the Multiple
Associative Computing (MASC) model in this dissertation. The description of this work
has been broken into three parts.
First, a detailed justification for timings assumed for the MASC basic (i.e.,
associative) operations has been given. This justification is based on the hardware
implementation of the STARAN, the architectural ancestor of the MASC model, and on a
comparison of these timings with the basic operation timings of other well-established
models such as PRAM and MMB. This part of this research has established that
assigning a constant time for the execution of the basic associative operations in the
MASC model is justified. These timings are needed in order to analyze the complexity of
algorithms designed for this model and to compare the running time of these algorithms
to those of algorithms designed for other models.
In the second part of our work, simulation algorithms between two classes of
enhanced meshes (i.e., MMB and BRM) and the MASC model are given. Simulation
and comparison of MASC and RM have also been explored. It is shown that MASC(n, j)
with a n × n mesh can simulate a n × n MMB in O( n / j) time with no extra
memory. In particular, the simulation takes constant time when j = Ω( n ). Also,
MASC(n, j) with a n × n mesh can simulate a n × n BRM in O(n / j) time with
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O(n) extra memory. Simulation of MASC(n, j) with a n × n MMB or BRM takes
O(jn1/6 ) time with O(n) extra memory. These simulations have concluded that MASC(n,
1) with a n × n mesh is more powerful than a n × n mesh with a global bus, and
that MASC(n, j) with a n × n mesh is also more powerful than a n × n MMB
when j = Ω( n ). These simulations between MASC and the currently popular enhanced
mesh models provide an effective way of understanding the power of the MASC model,
particularly in view of the extensive research literature concerning these models. Also,
the constant time simulations enable the algorithms designed for these enhanced meshes
to be transferred to the MASC model with the same running time. Exploration of
simulating and comparing MASC and RM (General Reconfigurable Meshes) suggests
that the two models are very dissimilar. Neither of them can simulate the other efficiently
due to their distinguishing features.
In the third part of this work, a feasible polynomial time solution is described for
the Air Traffic Control system for the ASC model, which is the MASC model restricted
to one instruction stream. The importance of this application establishes the importance
of the ASC model. While it is not addressed in this dissertation, it is easy to see that the
MASC model can be used to provide a faster execution of the ASC solution to the ATC
problem. A consequence of this observation is that the ASC solution to the ATC problem
also indicates the importance of the MASC for more than one IS. On the other hand, after
over 40 years of intensive study and thousands of person years of effort, no polynomial
time multiprocessor solution has been found for the ATC problem and none is expected.
The above observations led to a general comparison between the power of the associative
SIMD (or ASC) model and the MIMD model. It is difficult for a MIMD to provide a
polynomial time solution to a real-time problem like ATC because the MIMD solutions
normally use dynamic task scheduling and essentially all dynamic task scheduling
problems have been shown to be NP-complete. The existence of a feasible polynomial
time solution for the ATC problem for an associative SIMD leads us to identify and
analyze some of the most important features of both associative SIMDs and MIMDs with
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regard to real-time processing. This analysis indicates that associative SIMDs are a better
choice than MIMDs for applications involving real-time problems such as ATC. The
results of this third part of our work raise serious questions concerning the validity of the
general belief that MIMDs are more powerful than SIMDs and can solve any problems as
efficiently as SIMDs. Based on this fact, we highly suggest that the importance and
efficiency of SIMD computation should be reconsidered and reevaluated.
Some open problems are given in the following.
1. Timings of the basic MASC associative operations were justified based on the past
machines: the STARAN and ASPRO. It would be useful to justify these conclusions
using current implementation data and modern hardware design technology. There is
currently a research group working on this. We expected to receive updated data from
their work.
2. Prefix sums and the more restrictive operation of global summation are frequently
used in parallel computation. The current MASC model does not support these
operations. Although we briefly discussed a possible implementation of prefix sums
in an earlier chapter, it is worth exploring implementing these operations in hardware
in more detail. Giving the current assumption of the MASC model, it is possible to
implement the prefix sum operation in constant time.
3. Simulations between MASC and the enhanced mesh models have been established. It
would be interesting to prove the optimality of particularly the MASC simulation of
MMB.
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4. Simulations between MASC and RM should be further explored. It would be
interesting to provide an example of a problem that is easy for MASC to solve but
difficult for RM and establish a lower bound for a simulation of MASC by RM.
Another open question for this simulation is the possibility to use different sizes of
the two models to establish a simulation between them.
5. With regard to the associative processor solution of the ATC problem, it would be
useful to be able to obtain experimental data using a modern hardware
implementation or simulation of ASC.
6. A document that gives a much more detailed account of the ASC solution for the
ATC is needed. This more detailed document would address additional algorithms
and issues that are not covered in this dissertation.

APPENDIX A
Glossary

ALU: an Arithmetic and Logic Unit
AP: an Associative Processor or an ASC computer
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ASC: the Associative Computing Model, or MASC with one instruction stream
ASPRO: A parallel associative processor using the STARAN architecture, produced by
Martin-Marietta in 1980s and used by the U.S. Navy
ATC: Air Traffic Control
BDN: Bounded Degree Network
BPRAM: Block PRAM
BRM: Basic Reconfigurable Meshes
BSP: the Bulk Synchronous Parallel model
CPRAM: CRCW PRAM
CRCW: Concurrent Read Concurrent Write
CT: Communication Throughput
EDF: Earlier Deadline First, a scheduling algorithm for real-time tasks
EPRAM: EREW PRAM
EREW: Exclusive Read Exclusive Write
FAA: the Federal Aircraft Administration
FPLD: Field-Programmable Logic Device
IFR: Instrument Flight Rules
IS: Instruction Stream
LLF: Least Laxity First, a scheduling algorithm for real-time tasks
LPRAM: Local-Memory PRAM
MASC: Multiple Associative Computing model
MASC(n, j): a MASC model with n PEs and j ISs.
MDA: Multi-Dimensional Access
MHB: Meshes with Hybrid Buses
- 122 -

MIMD: Multiple Instruction-stream Multiple Date-stream
MMB: Meshes with Multiple Buses
MP: Multiprocessor, usually referred to a shared-memory MIMD system. In our work, it
is referred to as a general MIMD system (including a distributed memory multi-computer
system)
MPC: Module Parallel Computer
MSIMD: Multiple-SIMD
PE: Processing Element
PPRAM: Phase PRAM
PRAM: the Parallel Random Access Machine
PRAM(m): A PRAM with m shared-memory locations
PRAM(n, m): A PRAM with n processors and m shared-memory locations
RAM: the Random Access Machine
RM: Rate-Monotonic, a scheduling algorithm for real-time tasks
QRQW: Queue Read Queue Write
QSM: the Queuing Shared-Memory model
RM: Reconfigurable Meshes
SIMD: Single Instruction-stream Multiple Data-stream
STARAN: A parallel associative processor using multi-dimensional access memories and
flip networks, built by Goodyear Aerospace Corporation in 1970s
VFR: Visual Flight Rules
XPRAM: A PRAM that performs its execution in supersteps, an early version of BSP
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