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Correspondence

Performance Based Design of High-Level The evaluation of the performance indexes of a model of an
Language-Directed Computer Architectures HLLDCA rapidly, leads us to two questions that must be answered:
1) If the parameters (or workload) of the model of an HLLDCA
Rajendra S. Katti and Mark L. Manwaring are known, how does one obtain the performance indexes from
the model?
2) How does one obtain the workload or parameters of a model
Abstract—This paper is concerned with the analytical modeling of that represents an HLLDCA?

computer architectures to aid in the design of high-level language-directed . . .
computer architectures. High-level language-directed computers are com-  1he rest of this paper addresses these two questions by modeling
puters that execute programs in a high-level language directly. The design an HLLDCA as a network of queues. In Section I, we introduce the
procedure of these computers are at best described as being ad hoc. Inconcept of information structures. Section Il concludes by defining
order to systematize the_ design procedure, we introduce analytlce_il models the research problem we have considered. Section Ill describes
of computers that predict the performance of parallel computations on . . . .

concurrent computers. We model computers as queueing networks and solutions to the research problems described in Section Il. It also
parallel computations as precedence graphs. The models that we proposedescribes previous work briefly. Section IV verifies the solutions
are simple and lead to computationally efficient procedures of predicting proposed in Section Ill and also gives some design guidelines to

the performance of parallel computations on concurrent computers. We 4 high-level language-directed computer designer.
demonstrate the use of these models in the design of high-level language-

directed computer architectures.
Il. PRELIMINARIES
Only recently has the design of computer architectures deviated

from the Von Neumann style. Most architectures based on the Von

Multiprocessor systems are a special class of distributed computiggumann architecture suffer from what is called “the semantic gap.”
systems that appear to represent the most promising way of obtainifigs means that the objects and operations in an HLL are not closely
the high-performance computers needed in many application fieldsiated to the objects and operations in the architectures that execute
A variety of multiprocessor architectures with different design altefre 1 | [1]. We will address the issues involved in the semantic

“a“YeS have begn proposed, _implemented, and made commerciag}s problem by formulating a framework based on ‘“information
available, but their relative merits have not been fully understood. Itd ,ctures” that would aid in the design of HLL architectures.

thus important to develop methodologies and tools for the prediction

of the performance of multiprocessor architectures, so that system

. . . - . ! SYS'Myon Neumann Architectures and HLL's
designers can verify how well different alternatives suit certain given

performance specifications. Von Neumann architectures usually have a single sequentially

Although a variety of multiprocessors have been implemented, p@ddressed memory in which program and data are stored. The only
gramming them is no easy task. We propose that one way to progréif@® of differentiating programs from data is by the way they are
multiprocessors is by using the concept of high-level |anguag@_terpretet_j. Programs are fetched from memory and then interpreted,
directed computer architecture (HLLDCA). Such architectures ha{faUs forming a fetch—execute cycle.
as their machine language a high-level language (HLL). Due to theHLL’s, on the other hand, deal with data that represer_1t complex
high level of abstraction of the instruction set of such an architectuféructures. HLL’s themselves may have a structure that is complex.
the pipelining of such instructions can be viewed as parallelisfi-L'S distinguish between programs and data. The execution of
at lower levels of abstraction. Therefore, an HLLDCA can be HLL'S does not necessarily imply a fetch—execute cycle.
multiprocessor. The problem of programming such an architecture! he above reasons motivate one to think about finding ways_to sto_re
reduces to that of studying the interpreter of the machine languagdmPlex structures in programs and data that would result in their
of the architecture. easy access and manipulation. The best that could be achieved would

How does one then design an HLLDCA? This work begins tge the ability to access par_ts of programs or c_iata in one instruction.
answer this question by providing a means to start the design procd<¥ type of computer architecture that is designed based on HLL's
Let us suppose that an HLLDCA exists. If we can evaluate tHe @ hlgh—level Iangugge-dlrected c_omputer architecture. One_ could
performance of this HLLDCA rapidly then we can design a neWi€W this as the moving of an a}rchltecture toward an HLL until the
HLLDCA which performs better, by modifying the old one repeatedigtructures of the HLL and architecture match.
and recomputing the performance each time, until the new HLLDCA
performs better than the old one. The question of “How to design &n Language-Directed View of Digital Computers
HLLDCA?" can therefore be reformulated as “How to evaluate the Digital computers are usually viewed as being composed of a con-
performance of an HLLDCA rapidly?” troller and a controlled subsystem (datapath). The datapath consists

of memory, registers and an arithmetic and logic unit (ALU). The

Manuscript received November 22, 1993; revised August 5, 1994 and Ma@ntroller has as its input the program strings from memory and it
25, 1997. outputs control signals that control the datapath. We will return to the
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compute the function, the function and data need to be stored in such  ynctruction PU Data PU Execution PU
a way that their access and manipulation is easy.

Programs and data represent information structures. These are ALU
called program structure and data structure. In addition to these
structures, there are information structures used during execution Next Other
Inséﬁll{gison Registers

that are not program or data structures. These are called execution
structures. Examples of program structures would be the block
structure in a language like Algol and lists in the case of Lisp.

Examples of data structures would be arrays and records in Pascal.
Examples of execution structures would be structures that are used
during execution of a program but are not explicitly specified by 2
the program or data, like stacks. Representation and transformation
of these structures and their storage is of concern here. A digital
computer viewed in terms of structures has the following functions: N

1) stores program, data and execution structures; Memory

2) transforms program, data and execution structures. Fig. 1. Structures in present day architectures.

A digital computer therefore must consist of a set of devices that
store program, data and execution structures and a set of devices

—

High Levele . Logical o . Hardware

for performing transformations on program, data and execution Language Structures Structures
structures. (Datapath)
C. Architecture Design Methodology Problem

(Application)

We will begin with a view of a digital computer as composed of
a controller and datapath. The controller design will be dealt with fig. 2. A conceptual view of language-directed architectures.
terms of recognition of an HLL. The datapath design will be dealt

with in terms of information structures. E. Proposed Datapath
The controller would therefore function in the following manner:  aAs seen in Fig. 1, present day architectures store programs and
1) recognize words in an HLL program; data in a single structure, i.e., memory. HLL's deal with objects and

2) after each word is recognized a set of control signals is outpuformation that have different structures and the memory structure
by the controller that transform information structures in thenay not be suitable for their storage. Hence, we propose that the

datapath. datapath in an HLL architecture must have the following components:
The datapath consists of: 1) a set of structures that may be heterogeneous;
1) program, data, and execution structures; 2) each structure has its own instruction, data and execution PU;
2) devices to move information between structures. 3) the structures are connected to each other depending on the
The devices in a datapath would contribute a great deal to the interaction between structures needed in the HLL.
efficiency of program execution. Fig. 2 describes the basic idea behind this approach. A language or

a problem can be represented efficiently by a set of logical structures.
These logical structures adhere closely to the geometry of structures
in an HLL. An example of this would be the representation of
The structures in present day architectures are a sequencepigtk structure in a language like Algol with a tree. These logical
memory locations that can hold numbers and are named by addresggfctures can be derived from a language specification or a problem
that are a sequence of numbers. There are processing units (BbBcification. The datapath in an architecture must be able to represent
associated with this memory structure which we call inStrUCtion, d%se |Ogica| structures. F|g 3 shows a Complete view of a high_|eve|

and execution PU's. ) _ ~language-directed architecture without the interconnections between
An example of the contents of the instruction PU would be registeggctures.

which hold the current instruction being executed and the address of
the next instruction to be executed. The data PU may contain registersinsiructions for Each Structure
like the accumulator. The execution PU may contain the ALU. This
is shown in Fig. 1.

The PU’s associated with the memory structure can be viewed
necessary for the transformation of the structure.

The above architecture can execute mainly two kinds of

D. Structures and Instructions in Present Day Architectures

Instructions for each structure in an HLL directed architecture
vgguld be of two kinds, transformational instructions and information
moving instructions. The transformational instructions would involve
iﬁhe use of PU’s associated with a particular structure. It is possible to

structions, transformational instructions (TI) and information movingCh'eYe parallel transformation of structures. A structure alpng with
s PU’s are referred to as a structural unit (SU). A set of SU’s can be

instructions (MI). The TI's add new information into structures (iH d to st - HLL h ; b d 1o st
this case memory) or delete information from structures or chan ged 1o store programs in an » another set can beé used to store

information in structures. The TI's therefore can cause the struct gta and another set can be used during execution of the program.

to shrink or expand. The MI's move information from the memory should be noted that it is possible, if need be, to manipulate all

structure to the PU’s or from input/output (1/0) devices to memory Pe SU's simultaneously.

vice versa. The MI’'s may also move information between structures. o

An example of such a case is where information is moved frofd- Problem Definition

main memory to the cache memory. Here, main memory and caché\ high-level language-directed computer architecture is used to
memory are considered as two structures. execute programs in the HLL directly. The HLL will be the ma-
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are referred to as G/G/1, where G refers to a general distribution) do
L Controller J not have a product form solution. Therefore new ways of estimating
their performance are needed.
{((Instruction PU ) (Instruction PU ) If a queueing network represents a computing system, then its
(Daaru ) (paaPy_ )| — — parameters represent the seftware executing on the computing system.
Every computing machine is an interpreter of its machine language.
(Execution PU )| [(Execution PU_) Therefore the software we need to model is the interpreter of the
PU1 PU2 PUn machine language of the computing system which is an HLL. An
interpreter never stops executing in the sense that after it executes
one instruction in a program it immediately tries to fetch another
instruction. Thus the queueing network needed to model this must be
. , T : a closed one (customers do not arrive externally). Since no arrivals
! Structure 1 * Structure 2 Structure n occur from the external world in such networks the parameters of
(tree) (list of registers) {memary) such networks are just the service time distributions. An HLLDCA
PU=processing unit model must have parameters that best represent the execution of all
programs in an HLL.
Fig. 3. A complete view of language directed architectures. To summarize, if we have a queueing network that models an

HLLDCA, then in order to estimate its performance we need to

A answer the following questions:
chine language of this architecture. The HLL program will first be g9

assembled (in software or hardware) and then executed on the HLIL) How does one obtain the performance of a network of G/G/1
computer architecture. Execution implies manipulation of structures ~ queues?

in the architecture. The microprogram in the controller essentially2) How does one obtain the performance of a fork—join queue?
interprets an HLL by associating every operation in HLL to structure 3) How does one obtain the parameters of a queueing network
transformations. that models a HLLDCA?

How does one then design an HLLDCA? The first step is to find We use a procedure that is similar to the one in [3] to estimate
the logical structures associated with the language. These structyresperformance of a network of G/G/1 queues. Each G/G/1 server
correspond to the program and data structures in that language gnghodeled as a two stage Coxian network. The other two questions
also to the structures involved in the execution of a program in thatll be answered in Section .
language. This gives us a set of logical structures needed. Execution
of a program in a language can be considered as the interaction
of the structural units with each other. The modeling of structural lll. ANALYTICAL MODELS
units (SU’s) and their interaction will help us evaluate rapidly the |n this section we demonstrate ways to answer each of the questions
performance of an HLLDCA. Such models therefore will be a tool aye enumerated in the Section Il. We start off by giving a method to
the disposal of the designer of an HLLDCA. We model each SU aptain the performance of fork—join queues that have exponential
a queue and their interaction as a queueing network. How does @eevice time distributions. Then the performance of fork—join queues
model the interaction of SU's? We start the modeling by assumingth general service distributions can be obtained using the method
that the interaction between SU’s is based on one of the followirg “solving” a network of G/G/1 queues. By solving a network, we

computer organizations: mean, obtaining the performance indexes of queues in the network.
1) pipelined organization; Finally we give a procedure to estimate the execution time of a
2) superpipelined organization; paralle! program on a concurrent computer. . . .
3) superscalar organization: _ Section IlI-A shows that the methods stated in this section are
4) a combination of the above. indeed correct and it also demonstrates the use of these methods in

o . . HLLDCA design.
We should note that these organizations involve parallelism and

hence there is a need to model issues involved with parallelism,
such as synchronization delays, communication delays, queuefhgThe Fork—Join Queue
delays, and pipeline hazards. Communication delays can be modeleHork—join queues arise in many applications including parallel
by inserting into the queueing network new queues that represenbcessing and flexible manufacturing systems. Programs can be
communication devices such as buses. Queueing networks inherenttydeled as a collection of tasks with some precedence constraints
measure queueing delays. Pipeline hazards can be modeledwhych can be represented by a graph whose nodes are the tasks and
using feedback from the last stage in the pipe to previous stag#® edges correspond to precedence constraints. Such graphs consist
Synchronization is in general hard to model using queueing networks.fork nodes when more than one edge leaves a node and join nodes
We model synchronization with fork—join queues. Customers arrivinghen more than one edge enters a node. These nodes can be modeled
at the queue get split up into two or more children (fork), and gély fork—join queues. Therefore, fork—join queues can model programs
serviced at different queues. After completing service each child waiitsconcurrent Pascal [4], communicating sequential processes [5], and
for its siblings to complete (join). Such queues do not satisfy thda [6]. The fork—join queue can also model distributed object-based
product form solution of queueing networks and therefore new wagsogramming systems [7].
are needed to estimate their performance. Fork—join queues arise naturally in flexible manufacturing systems.
HLLDCA's execute instructions that are abstract. This is broughm production lines, objects are built by assembling parts together. The
out in the model by allowing any service time distribution. A highlyassembly steps can be represented by a graph whose nodes are the
abstract instruction set can be modeled by a service time distribut@ssembly operations and whose edges are the precedence constraints
that has a high mean and an arbitrary standard deviation. Queudietiwveen the operations. Such graphs contain fork and join nodes
networks that have queues with general distributions (such quetes.
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Delay Queue 1

JIIO——O0—10

Queue 1 A Queue3

Delay Queue 2 l;
THO—KO0——HIO

Queue 2 Queue 3

Fig. 5. The two independent networks of a fork—join queueing system.
Fig. 4. A simple precedence graph.

queue 1
In this paper, fork—join queues are used to model inter-instruction } I—{ »
parallelism. Inter-instruction parallelism refers to the fact that
. . . . . queue 2 ) queue k+1
different groups of instructions can be executed in parallel. Fig. 4 _Fork Join
shows a simple precedence graph with one fork nadeparallel

tasks, and one join node. :
Exact analysis of fork—join queues has been carried out by Flatto |

and Hahn [8], but their analysis is restricted to a system with one :D'O
fork node, two parallel tasks, and one join node. Brun and Fajolle
[9] obtain Laplace transforms of the response time distribution for queue k

the same model considered by Flatto and Hahn. Nelson and Tantawi

[10] present an approximate solution for the mean task response time

for any number of parallel tgsks. Baccelli, Massey, and_TowsIey [1gl_:]g_ 6. The fork—join queue with parallel tasks.

derive the evolution equations that govern the behavior of acyclic

fork—join queueing networks. Duda and Czachorski [12] present o )

approximate solutions for series—parallel systems, and Heidelbergé?wt'or! times at the delay queues 1 and 2. Our problem now is to

and Trivedi [13], [14] present approximate solutions for models withnd the distributions oD, andD:. Letus assume thd?, andD- are

and without synchronization. Balsamo and Donatiello [15] presefkPonentially distributed. We know that, and X are exponentially

an algorithmic approach for the performance evaluation of paralf@tributed, therefore all we need is to estimate the mearis,aind

processing systems using fork—join queues. D-. Intuitively, a job has to wait at delay queue 1 if the service time
Most of the above works restrict themselves to exponential servigk duéue 1 is less than that at queue 2. We can thus estimate the

times. Otherwise they are computationally too expensive. Our woRkD1] and BD-] (expected values) by the following equations:

introduces a new approximation technique which is very accurate as E[Di] = E[max(X;.X2)] — E[X1]

compared to the other techniques and is applicable to queues with -y

nonepxponential service times.q PP : E[Dz] = Elmax(Xy, X, )] = E[X2]. (1)

Reference [19] shows how[max(X;, X2)] is calculated. We can
B. The Fork—Join Graph Modeled by Queues then solve the two independent networks of Fig. 5 using the algorithm
k—join queueing system witlrBLANC [16]. From this solution we can get new estimatestf\; |
and E[X:] which now correspond to the rates at which customers
in Fig. 6 consists of a single server, an infinite capacity queue wigli Ve at the delay queues. Then, using (1), we can get new estimates

FCFS (first come first serve) queueing discipline. A job splits up inf§ £1D1] and E[D.]. This iterative process can be continued until
two tasksT: andTs. T gets serviced at queue 1 afi at queue 2. the rates at which customers pass points A and. B in the two networks
Queue 3 is not really part of the fork—join queue but is included @€ €dual. A summary of the above algorithm is as follows:

make the system more general. All service times are exponentiallyl) split the fork—join network into two independent networks with
distributed with mean rateg; (i = 1,2,3). delay servers added;

The most important aspect of the above queueing network is tha@) calculate the mean service times at the delay servers using (1);
at the join node jobs wait for their siblings. Let us split the above 3) solve the two networks using the algorithm LBLANC [16];
network into two independent networks as shown in Fig. 5. Each4) obtain the new rates at which customers arrive at the delay
network in Fig. 5 consists of one queue from the fork—join part, queues;
queue 3 which is not in the fork—join part and a delay queue. The5) check if the expectation of the execution time of the delay
delay queues have service time such that the rate at which jobs pass dueues in both the networks are identical;
points A and B in the two networks are equal. If we can find the 6) if the departure processes are identical then stop else go to step
service rates of the delay queues such that the above fact is true then 2.
the solution of the two independent networks will also give us the Theorem 1: The iterative algorithm for obtaining the performance
solution of the fork—join queueing system in Fig. 6. L€t and X> of fork—join queues converges.
be two random variables that represent the execution times at queue Proof: Suri [17] presents the following definitions to define
1 and 2. LetD, and D, be two random variables that represent thenonotonicity in single class networks:

We will first consider a closed forl
two parallel tasks, as shown in Fig.(6 = 2). Each service center
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1) a network isN-monotonic if X(n) > X(n — 1) forn < N,
whereX (n) is the throughput witle customers in the network;
2) serveri is N-monotonic if P(n; > kln) > P(n; > k|n — 1)
for all £ and for alln < N. P(n; > k|n) is the probability of
the number of customers at seniefn;) being greater thai
given that there are customers in the network;
3) a network (server) isc-monotonic if it is V-monotonic for
all N.
Suri shows that a network with fixed-rate servers onlyois
monotonic. From [18]

0X(n)

aD; <0

where D; is the service demand at serveiin the network. This
implies that the throughput; at server is monotonically decreasing.

2)

We will demonstrate that the algorithm terminates by assuming that

X; are exponentially distributed. L&f = max(X;, X2). Therefore,

where E[X;] = (1/X;). From (1), we obtain the following:

1 1
ED|]= — - ———
D] Ao AL+ A
1 1
E[DQ]_X_)\L-F)\Q'

Let us assume that the throughputs of the two networks/arand
T>. In each iteration we would updatg[D;] as follows:

1 1
ElDi] = E[T)] ~ E[Ti] + E[TY]
ElDa] = L 1

E[T\] E[Ti]+ E[T:]’

Without loss of generality we can assume tl4T ] > E[T:]. From
the above equation, it follows thd[D,] > E[D;]. The solution of
the networks will result in new values @[7}] and E[T3] such that
the reduction inE[Ti] is more than the reduction i#[75]. This
implies that each iteration will adjugt[D+] and E[D-] in a manner
that ultimately leads to the following condition being true:

are equal. This is the termination condition of our algorithm.

C. The General Fork—Join Queue

queues [3].

delay servers added. L&, D, -- -, D;, be random variables
that represent the service times at the delay queues.

3)
4)

5)

6)

223

Calculate the mean service times at the delay servers using the
following equations:

E[D]
E[D]

E[maX(Xl,Xg, L ,AY},»)] — E[Xl]
Elmax(X1, Xo,- -+, Xi)] — E[X2]

E[D;] = E[max(X,, Xs, -, X3)] — E[X4].
Reference [19] gives derivations for the calculations of
E[maxz(X1, X2, -, Xi)] whereX; are either all exponential
or Coxian. For example iX; are exponentially distributed and
Y = max(Xy, X»), then,
1
AL+ A

1 1
-

ElY] =
V=515

where E[X;] = 1/A;.

Solve thek networks using the algorithm to solve G/G/1
networks in [3].

Obtain the new rates at which customers arrive at the delay
queues.

Check if the departure process of the delay queues inkthe
networks are identical. Let the population at the delay queues
be n, then the departure processes at these queues are equal if
the throughputs at these queues are equal for &l N. NV is

the population of the network. The condition for termination
of the algorithm is that the throughputs at these queues must
not differ by more than 1%.

If the & departure processes are identical then stop, else go to
step 2.

We will adapt the above procedure in the design of HLLDCA's by
assuming that each structural unit executes in parallel and then use
graph reduction to estimate the response time.

D. Estimation of Execution Time

In this section, we develop a method that allows one to predict the
performance of parallel computations running on concurrent systems.
In particular we are interested in predicting the performance of an
HLL interpreter running on a concurrent system. The interpreter is
modeled as a task system with precedence relationships expressed as
a graph. Resources in a concurrent system are modeled as queues in
a queueing network. Using these two models as input, our method
obtains estimates of the execution time of the parallel computation.

Most earlier works deal with restricted computation structures or
are computationally expensive. Thomasian and Bay [20] considered
The above equation specifies that the throughput of the two netwofkgdeneral task structure with precedence constraints expressed as
a directed acyclic graph. Their method is based on the concept of
hierarchal decomposition [21]. A two-level method is used to solve
for the performance measures of the task system. At the higher level,
the system behavior is specified by a Markov chain whose states

The algorithm for solving a fork—join queue in the previous sectiogorrespond to the combination of tasks in execution. At the lower
assumed that the service times of all the queues were exponentiel, the transition rates among the states are computed using a
That algorithm can easily be extended to general service tij@eueing network solver. Their method is computationally expensive
distributions by using the algorithm that solves networks of G/G/dnd can be used only for small systems.

Mak and Lundstrom [22] give a computationally efficient algorithm

If we assume that in the fork—join queue the fork resultskin to predict the performance of parallel computations. They model
parallel tasks then the new fork—join queueing system is shown d8mputations by a series-parallel directed acyclic graph and resources
Fig. 6. Let Xy, Xo.---, X} be random variables that represent thgy a queueing network. They modify the mean value analysis
execution times at thé queues. Following is a summary of theg|gorithm [23] to model overlap between two tasks and then develop
algorithm to obtain the performance indexes of the network of Fig. §p iterative algorithm to predict overlap using the mean value analysis

1) Split the fork—join network intd: independent networks with algorithm and the task graph.

Ferscha [24] uses Petri nets to model parallel computations and
resources. He then models the assignment of tasks to the resources by
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influenced by both precedence and queueing delays. We can obtain
the queueing delays from the queueing network by using the known
algorithms to obtain the performance of queueing networks. We can

PARALLEL
COMPUTATION

CONCURRENT
SYSTEM

v V obtain the precedence delays by graph reduction (explained later) or
] by methods given in [26]. In this paper we shall use graph reduction.
program su If we can incorporate the queueing delays into the graph model before

, -~ data SU graph reduction then the execution time obtained by graph reduction
will estimate the actual execution time.

We are given a graph that represents the workload of a network
of k£ queues. Associated with each node in the graph is a random
variableY; that represents the time taken to execute the task that
node represents. We need to find the average execution time of the
graph on a concurrent computer represented by a queueing network.
Let D be the service demand at quelieD;. is a random variable
but when we refer taD, we mean its expected value. The basic
idea behind our approach is to first estimétge from the graph. This
can be done easily as each node in the graph is statically assigned to
execute on some quetdn the queueing network. With this estimate
of D, we can solve the queueing network to obtain queueing delays at
each queué. We can then incorporate these queueing delays into the
graph by properly incorporating these delays into for each node
in the graph. From this new graph we can estimate the execution

. . . .time, of the computation by graph reduction (explained later). The
arcs that originate in the Petri net that represents parallel computat§

. . . AFameter procurement procedure proceeds as follows.

and terminate in the Petri net that represents resources. Perform nCﬁ Obtai timate ob.. th ice d d at E
indexes of the system are derived by simulation of both the Petri » al’?h ar: eilma eh Tk' ehser\gce_ ?rr]nan ah resourte
nets and the arcs. This model although powerful is computationally rom the task grapn. 10 each node in h€ graph we assign a
very expensive. resource based on its function. Then an estimat® pfis just

Baccelli and Liu [25] have proposed an exact analytical approach the sum of Z”tthe rand(ér;] variables associated with tasks that
to find the performance of execution of parallel programs on multipro- Zrel asstlhgne 0 resour work that ts th ¢
cessor systems. Although their method is exact, it is computationallyz) olve the queueing networ at represents the concurren
very expensive. system to obtain?);, the average time taken by a customer

The method we propose is based on finding different types of

to complete service (this includes queueing delays) at each
delays involved in parallel computations from different models thus resourcek. The previous algorithms for solving fork—join
making it computationally very inexpensive.

networks and for solving a network of G/G/1 queues can be
used.

()

&

S
&)

execution SU

SU= structural unit

PARAMETER

PROCUREMENT
METHOD

PARAMETERS AND
PERFORMANCE
INDICES

Fig. 7. The modeling of a parallel interpreter and a concurrent system.

3

E. System Model )
Fig. 7 shows the two models used to represent parallel computa-
tions and concurrent systems. The parallel computation represents
an HLL interpreter and the concurrent system represents a high-

level language-directed computer. The high-level language-directed)

Use @ to find the new task times of the tasks in the graph.
Q1 must be distributed among all the tasks that execute on
resourcek. This distribution is done such that the ratio of the
new task time tay,. is the same as the ratio of the initial task
time to Dy.

Obtain the execution time from the task graph by using simple

computer in Fig. 7 consists of four queues. Three queues referred merging rules for nodes in the graph. This process is called
to as program structural unit, execution structural unit and data  graph reduction (explained below).

structural unit form a fork—join queue and the fourth queue represe% will demonstrate with an example the workings of the above

a communication device such as a bus. The completion of one 100, cedure in the next section. However we give a detailed explanation
the queueing network implies the completion of execution of one i graph reduction below.

struction in the HLL. Therefore the intra-instruction synchronization
is expressed in the task graph and the inter-instruction synchronization

is expressed in the fork—join queue. We further assume that tasks3n Task Graph Reduction
the task graph are statically assigned to either the program, executio
or data structural unit. We also assume that each task in the t%g
graph has associated with it a random variable that correspondsré

the t_exegutlon time of the task. We assume that the _exec_ut|on_ t'mgt one node. The mean of the random variable associated with this
distribution of all the tasks are known. The execution time is Rode is then an estimate of the mean system completion time

random variable as it ha§ to represent the usage of a task by a here are two simple merging rules. We assume that the interaction
programs of an HLL. BeS|des_, th_e execution “”_“9 alson includes tB(igtween two tasks is only of two types. This assumption is not
waiting time due to synchronization and queueing which are Oﬁ"?gstrictive as we can assume any kind of interaction between tasks

nandeterministic. and use other ways of graph reduction [26]. Either they execute in
parallel [shown in Fig. 8(a)] or in sequence [shown in Fig. 8(b)]. The
first merging rule is shown in Fig. 9(a). The nodes 2 and 3 are merged

The precedence graph models precisely the precedence delaystimfarm a new node and the random variable associated with the new
parallel computation and the queueing network models the queuemgge isY,;, = max(Y7,Y>). Note thatY,, is a random variable which
delays precisely. The execution time of the precedence graphissa function of two random variables, andY-.

et every node in the task graph be associated with a random
iableY; which denotes the execution time of that task. Task graph
fuction is then the process of reducing a graph to a new graph with

F. Execution Time Calculation
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Y Queue 2
Qe ‘ 11O

. Join
( : ; 2 : ) Y Node
Yy Y, 2 ,
@ () Queue 3
Fig. 8. (a) Tasks 2 and 3 are parallel tasks and (b) Tasks 1 and 2 are
sequential tasks.
Fig. 10. A fork—join queue network.
@ Yy Yy ¢} join g
B —— e
; TABLE |
Y, Yz hew Yn = max(Yl , YZ) A COMPARISON OF OUR ALGORITHM WITH SIMULATION
node
Qur Algorithm | Simulation
(@) 1.29 upper
Throughput 0.918 1.07 mean
0.85 lower
1.80 upper
Yl Mean queueing time | 1.71 1.44 mean
O 1.08 lower
new~ Yn= Yl+ Yz 1.66 upper
Y node . Mean queue length | 1.57 1.53 mean
2 1.42 lower
(b)
Fig. 9. (a) The first merging rule and (b) the second merging rule. TABLE I

A COMPARISON OF OUR ALGORITHM WITH SIMULATION

The second merging rule is shown in Fig. 9(b). The nodes 1 and 2 "Number of Tasks | Completion time ] Completion time
are merged to form a new node and the random variable associated from [22] from our algorithm
with the new node &%, = Y1 + Y. (ms) (ms)
1 325.0 325.0
2 415.0 418.4
IV. MODEL VERIFICATION AND APPLICATION 3 180.0 182.0
In this section, the algorithm for predicting the performance of 4 535.0 532.5
fork—join queues, and the execution time estimation algorithm will 5 580.0 603.8
be verified. The procedure to obtain the performance of a high- 6 630.0 609.6
level language-directed computer that executes a simple Pascal-like 7 680.0 671.6
language is then demonstrated. Finally we conclude this section by
showing how queueing networks can be used to analyze design
problems in HLLDCA's. B. The Execution Time Estimation Algorithm
We will verify our algorithm by executing a parallel program
A. Solving the Fork-Join Queue on a multiprocessor, the Sequent Balance 8000. We will compare

The fork—join queue network used to verify our algorithm is showH"3 execuzl?n Iilmtestr?f a parz;l_letl zrggram for dlftf_erer:_t numt;_ers tpf
in Fig. 10. We assume that service time distributions of each queue;%nocrlijtrhrrenn asks 1o those predicted by our execution ime estimation
exponential with rate\; (A; = 1.0, A2 = 5.0 and\s = 3.0). For a ’ . . .

b (A 2 ¥ ) The Sequent Balance 8000 is a single bus, shared memory multi-

total customer population of 2 in the network, Table | compares our )
algorithm to a simulation of the network. The quantities compar ocessor. The queueing network model of the Sequent Balance 8000
is similar to the one in [22] will be used. The parallel program

are throughput, mean queueing time and mean queue length for qu .
gnp q 9 q 9 d S a serial part (master) afid concurrent tasks (slave tasks). The

1. The simulation gives the upper, mean and lower estimates .
the throughput, mean queueing time and mean queue length. THeQacurrent tasks execute independently of each other except through
' %rptention of the system resources like bus and memory. The code for

estimates assume a 90% confidence interval. Table | shows that h { task is similar to th de in [221. Table i1
algorithm produces throughput, mean queueing times and mean qu Qgn concurrent task 1s simiiar 1o the code in [ ]'_ avle 1l compares
execution times obtained by our algorithm with those given in

lengths that are very close to the simulation values. We have tes . : AR :
]. Despite the computational simplicity of our algorithm these

our method for population sizes of up to 50 and found the erro ton ti te with . f about
in the throughput to be less than 20%. Errors in the queue Ieng4 e(;u ion imes are very accurate with a maximum error ot abou
0.

were less than 1% and errors in the queueing time were less thai
2%. For example the queue length for queue 1 for a population of ] ]

50 is 49.54 using our algorithm and 49.66 using simulation. THe High-Level Language-Directed Computer Design

amount of computation required increases with population size dueThe execution time estimation algorithm of the previous section is
to the dependence of the complexity of the LBLANC algorithm oa method to obtain the performance of running a parallel program on a
the population size [16]. given computer. In high-level language computer architecture design,
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the parallel program is the interpreter of an HLL. The interpreter abstraction instruction sets the throughput reduces as CV increases
modeled as a precedence graph and the computer is modeled ag to a certain point and then increases with CV. We predict that the
network of queues. Associated with each node in the interpreter is therease in throughput is due to the fact that as the CV gets higher
mean execution time and the standard deviation of the mean executiod higher then the high-average execution time of each instruction
time of the task that node represents. Given the precedence grappbws instructions with low execution time to be executed. Note
and the network of queues, the execution time estimation algoriththat a higher abstraction instruction set has a higher mean execution
obtains the execution time of the graph taking into account issuime and hence there is room for the actual execution time to be
like precedence delays and resource contention. We have used lthis However, if the mean is already low then there is no room for
procedure to estimate the execution time of a Pascal interpreter otha actual execution time to become lower as is the case with low-
hypothetical parallel computer. abstraction instruction sets. This observation is extremely critical as
we know now that we should select a high-abstraction instruction set

D. Design Guidelines such that the CV that minimizes the throughput is avoided.

The fork—join queue can be used to give us insight into the
procedure of designing HLLDCA's. We shall first consider the
effect of instruction abstraction in pipelined machines. We shall then
investigate the relationship between throughput and the coefficient oA major accomplishment of this work is the development of the
variation for high-abstraction and low-abstraction instruction sets potion of a structural unit that represents program, data or execution
pipelined machines. All the results of this section have been obtairgguctures, as the basic architectural unit of a HLLDCA. This notion
using the models and algorithms developed in this paper. enables us to design HLLDCA'’s by modeling them as a network of
gueues. The rest of our work dealt with the modeling of HLLDCA's.
The analytical models which we developed are design tools useful to
an HLLDCA designer. Analytical models estimate the performance

. . . . _— e&t an HLLDCA rapidly and save the designer a lot of effort when
of multiprocessor machines. Higher abstraction usually implies Ieﬁg< or she starts out a design. To be more specific, we developed

V. CONCLUSIONS

E. Instruction Set Abstraction

communication and synchronization overheads and it also impli
more opportunity for parallelism at lower levels of abstraction
However a major drawback of a high-abstraction instruction set is thﬁg
it may lead to load-balance problems. Low-abstraction instruction s%§
on the other hand lack the load-balance problems, but synchronizat
and communication overheads become a dominant factor as
abstraction is reduced. Little can be said about the “correct abstractg
level” beyond the fact that in every hardware environment, an
for every interpreter, a “crossover point” exists beyond which tfﬁ
instruction set abstraction is too low to perform well. Using th
models we have described it is possible to know, for a given hardwar
environment (a queueing network) and an interpreter graph, exactly
where the “crossover point” exists.

Consider a hardware environment which consists of two pipeline

exe

R approximation technique that predicts the performance of the
cution of a parallel computation on a multiprocessor system.
e multiprocessor system can be represented by a network of
k—join G/G/1 queues and the parallel computation by a precedence
Qph. We saw that the approximation techniques that we employed
Ere indeed very accurate and computationally inexpensive for small
tems.

We can generalize our execution time estimation algorithm by
sing the algorithms in [26]. to estimate the performance of an
3rebitrary graph structure.
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Minimum Entropy Restoration of Star Field Images Il. IMAGE DISTORTION MODEL

Hai-Shan Wu and Joseph Barba Suppose the image distortion system can be modeled as

y(ni,n2) = x(ni,n2) * h(ni,n2) + &(n1, n2) 1)

_ Abstract—_ln thls correqundence, we present an _al_gonthm for restora- where y(n1,n2) is the observed image;(n1,n-) is the original
tion of star field images by incorporating both the minimum mean square . . h - .

error and the maximum varimax criteria. It is assumed that the point Mage,/i(n1,n2) is the PSF£(n1.n2) is the additive noise, and
spread function of the distortion system can be well approximated by a denotes two-dimensional convolution of two functions defined as
Gaussian function. Simulated annealing (SA) is used to implement the

optimization procedure. Simulation results for both Gaussian and square z(ni,n2) % h{ni, na)

point spread functions with heavy additive independent white Gaussian B o

noise are provided. Visual evaluation of the results indicate that the - Z Z x(ny —mi,na —ma) x h(my,ma).

proposed algorithm performs better than the noncausal Wiener filtering e o ’

method. IlLlf—f)(, IIL27—CXv (2)
. INTRODUCTION What is desired is an estimate of the original image, n2) from

Image restoration with known point spread function (PSF) hadke observed imagg(ni,n2). In this paper, we consider restoration
been discussed extensively [2]-[6]. Unfortunately, the point spreatistar field images distorted by blurring systems whose PSF’s can be
functions are usually not available in most practical situationgell approximated by Gaussian functions and corrupted by additive
If the PSF is unknown, the image restoration problem will b&aussian white noise. The image distortion can be introduced in

Manuscript received April 24, 1994; revised May 14, 1995 and Februathe process of acquiring the star field image and may resuit from
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