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Abstract 

Mapping of tasks an application program onto a 
suite of heterogeneous machines requires estimation of 
execution t imes  of the tasks on these machines. I n  
this paper, an ef ic ient  methodology for estimating the 
ezecutton t imes  of a given program on various ma- 
chines available in  an H P  environment t s  presented. 
The methodology uses parametric code profiling and 
parametric analytical benchmarking techniques and in- 
corporates the concept of an  architecture independent 
computation model to  estimate the execution t imes .  

1 Introduction 

The concept of Heterogeneous Processing (HP) sys- 
tems and their use in solving Grand Challenge prob- 
lems [l] has been introduced recently [2, 3, 5 ,  81. 
An HP system includes heterogeneous machines (in- 
cluding parallel machines), high-speed networks, in- 
terfaces, operating systems, communication protocols, 
and programming environment, all integrated together 
to produce a positive impact on ease of use and per- 
formance [5]. An efficient use of HP paradigm requires 
thorough understanding of the characteristics of appli- 
cations, the architectures of machines, and their pro- 
gramming features. 

One major challenge for future HP, therefore, would 
be to manage processing of applications by finding 
suitable matches between codes' of these applications 
and machines. For this purpose, code profiling is used 
to characterize applications and identify tasks which 

'We will use the terms code and task interchangeably in this 
paper. Code is the unit of estimation and the task is the unit 
of allocation to a machine. 
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have the same computational behavior and to est,i- 
mate their execution times. Very few code profiling 
methodologies within the context of HP have been 
proposed in literature. These methodologies have lim- 
itations in their applicability and mostly are based on 
a rather simplistic and highly abstract view of paral- 
lelism. For example in [2], code profiling is viewed as 
characterizing a given code in terms of embedded par- 
allelism such as SIMD, MIMD, etc., without providing 
a mechanism for estimation of execution time. The de- 
tailed architectural knowledge of machines and com- 
putational requirements of applications are ignored in 
such methodologies. 

New code profiling techniques are needed which can 
incorporate the detailed architectural characteristics 
of machines and realistic computing requirements of 
the applications. These techniques then can be used 
more accurately and intelligently in making schedul- 
ing and mapping decisions. Indeed, such decisions sig- 
nificantly impact the execution of applications. One 
possible methodology to estimate execution time of 
a task on various machines is to use Parallel Assess- 
ment Window System (PAWS) [6]. The approach in- 
troduced in PAWS is quite exhaustive and may not he 
viable for large applications and/or over large number 
of machines. Similar approach for serial machines, as 
discussed in in [7] has the same limitation. 

We propose a general framework for estimating the 
execution time of application tasks. This is achieved 
by characterizing application programs and architec- 
tures of machines using parametric code profiling and 
pa'rametric analytical benchmarking techniques, int,ro- 
duced in this paper. The parametric code profiling 
gathers information about various categories of op- 
erations performed in a given code. Similarly, para- 
metric analytical benchmarking provides information 
about execution times of these operations on different 
machines. We show how a combination of these two 
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Figure 1: The proposed methodology for estimating 
execution time of an HP application. 

approaches provides a systematic methodology for es- 
timating the execution time of applications. The pro- 
posed technique is outlined in the next section. 

1.1 The Proposed Approach 

The approach proposed in this paper is a hybrid 
one and provides a more practical solution. It applies 
parametric analysis as in PAWS but avoids exhaus- 
tive computation by introducing high level analysis 
through an architecture independent model. The com- 
putations and communications performed in a code 
are characterized in terms of operations defined by a 
set of parameters. A given application code is an- 
alyzed in terms of computation and communication 
units using an architecture independent model ( C3)  
introduced in [4]. The input to the model is the total 
number of operations performed during each parallel 
step and the amount of communication performed in 
between parallel steps. This input is obtained from 
Intermediate Form 1 (IFl)  [6] graph representation of 
the application code. Necessary modifications in the 
traditional IF1 graph representation are introduced 
to incorporate various features of parallel program- 
ming. The units charged are then translated into ac- 
tual execution time using detailed characterization of 
the target machines. Such architecture characteriza- 
tion is obtained by measuring the processing time on 

target machines for each parameter in the parameter 
set (parametric analytical benchmarking). 

A block diagram of the proposed methodology is 
given in Figure 1. There are three basic steps in- 
volved in this approach. First, the frequency of vari- 
ous operations employed in the input code is obtained. 
Then, computation and communication units are es- 
timated using the architecture independent computa- 
tional model introduced in [4]. Finally, the estimation 
of execution times on various machines is obtained by 
using the benchmark results of the units. 

The remainder of this paper is organized as follows. 
Section 2 describes the parametric code profiling terh- 
nique and briefly outlines the architecture indepen- 
dent model. Section 3 presents the parametric analyt- 
ical benchmarking technique and discusses estimation 
process using the resiilts obtained in the code profiling 
step. The proposed methodology is elaborated by an 
example in Section 3.2. The conclusions are given in 
Section 4. 

2 Parametric Code Profiling 

An application program is considered to be com- 
posed of tasks and is represented by a Task Flow 
Graph (TFG) or a Task Interaction Graph (TIG). A 
task is an autonomous unit of a given code’ and can be 
allocated to a machine. In order to  analyze an appli- 
cation task, we assume that a task can be partitioned 
into a sequence of superstep, with each superstep cor- 
responding to local computation followed by sending 
and receiving (reading or writing) messages. 

For the parametric code profiling, we need to define 
a set of parameters where each parameter represents 
a distinct category of low level operations performed 
in a task. This set, should be abstracted in such a 
way that it can encapsulate architecture dependent 
factors. Also, it should be complete in the sense that 
all the operations in a task are represented in this set. 
These parameters are functionally partitioned into 
four categories, namely; computation, data movement 
and communication, input/output, and control. Each 
category is recursively partitioned into sub-categories 
upto a desired level of details. This information can 
be organized in a hierarchical form [SI. 

A task is represented with its IF1 graph. Such a 
representation provides architecture independent de- 
scription of the task. An IF1 graph is an acyclic graph- 
ical language for dataflow graph representation. This 

2The input code is assumed to be written in a parallel 
language 
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intermediate form supports data dependency and par- 
allelism at all levels of granularity. The amount of 
local computation performed in each processor is rep- 
resented by a compound node in the IF1 graph. An 
edge between two such nodes represents communica- 
tion among the corresponding processing nodes. The 
construction of an IF1 graph requires decomposition 
of expressions in a parallel code into IF1 operation 
nodes. Operands, data  values, and intermediate re- 
sults are transformed into IF1 edges. 

Subsequently, the IF1 graphs can be processed to 
produce parametric code profiling vector of parame- 
ters present in the input code. As this process is inde- 
pendent of the run time data, the worst case behavior 
is chosen for conditional branch statements. There 
can be other approaches such as test run, trace gen- 
eration, etc. however, we do not consider these issues 
in this paper. 

The boundary of IF1 graph is represented by a 
boundary node. Input and output ports of this node 
specify amount of communication. The input ports 
represent the amount of data  received, while the out- 
put ports represent the amount of data sent. The to- 
tal amount of communications depends on the number 
of processors employed, since the size of input/output 
data is determined by the input size assigned to a pro- 
cessor. Therefore, the amount must be expressed in 
association with the input size, n, and the number of 
processors, p .  For the purpose of analysis, the values 
of parameters such as the maximum amount of data 
communicated between any pair of processors and the 
average amount of data communicated between pro- 
cessors can also be obtained. These are important 
factors that affect the congestion in the network. 

Formally, the computation code profiling can be de- 
scribed as a Parametric Code Profiling Vector(PCPV), 
G ,  of size size N for a task t .  This veztor is a sum- 
mation of sequential parameter vector and parallel 
parameter vector e. This vector describes the counts 
of units for ea5h parameter identified in a task t .  Each 
element U;  of represents the operation count for pa- 
rameter i and N is the cardinality of the parameter 
set. The value of hp depends on the size of the input 
and the size of the target machine. 

The analysis of the parallel part is carried out based 
on the architecture independent model described in 
[4]. For the sake of completeness, the model is briefly 
outlined in the following section. 

2.1 An Architecture Independent Model 

Suppose that a given task is being performed on 
n data items. We assume that the n data items are 

distributed among p processors so that each processor 
receives at most [n/p1 inputs. We refer to  this as a 
balanced input distribution. For many applications a 
balanced input distribution is the most natural one. 
However, if the given code provides a different dist,ri- 
bution, the execution time is dictated by the heaviest 
processing node. 

The model captures the complexity of computation, 
the pattern of communication, and the potential con- 
gestion during communication. A metric is defined for 
estimating the effect of link and processor congestion 
on the performance of a communication operation. 
This metric allows the evaluation of communication 
operations without having to specify fine scheduling 
details, a feature desired by application programmers. 
In this model, the performance of a superstep is ex- 
pressed in terms of computation units and communica- 
t ion units. The number of computation units charged 
depends on the amount of local computation done. 
The number of communication units charged depends 
on the amount of data sent by a processor, the amount 
of data received by a processor, the latency encoun- 
tered by the messages, and the congestion arising due 
to the volume of inter-processor communication. The 
routing schemas and protocols available on a machine 
also influence the performance and thus the numher 
of communication units charged. 

The parameters of the parallel machine used for tle- 
termining compiitat,ion and commiinication units are 
the following. Let, y be the number of processors avail- 
able in the machine. A message is the logical unit for 
communication between two processors and is made 
up of fixed-length packets. We use I to denote the 
length of a packet (measured in bytes), s to denote 
the set-up time to execut,e a send, and h to denote t,he 
latency. We use the average distance between two pro- 
cessors to represent, the latency. The average distance 
is defined as ( C l < i , j < p  d j , j ) / p 2 ,  where di , j  is the min- 
imum distance bdw& processor i and i. For SIMD 
machines, s, 1 = 1. 

The charging of computation units in a superstep 
is done as follows. Assume that in one superstep, pro- 
cessor i performs t j  bytes for executing j-type opera- 
tions. The superstep is c.harged maxl i ; iP  xlljlN t j  

computation units, where N is the number of vari- 
ous types operations defined by the parametric code 
profiling. 

The communicat,ion units charged to one superstrep 
reflect the time spent on sending messages, the time 
spent on receiving messages, the time messages are 
enroutfed under ideal conditions, the amount of con- 
gestion that, coiild occur, and an estimate on the re- 
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sulting delay. I t  is assumed that a processor cannot 
send and receive simultaneously. Consider a one-to-all 
communication being performed in a superstep. That 
is processor i sends L distinct bytes to each proces- 
sor in the processor array. The cost of sending the 
message from i (without congestion), Si, would be the 
total send time for processor i .  Let Rj be the total re- 
ceive time at processor j ,  1 < i < p ( j  # i). The total 
cost of the communication operation is then given as: 

Si + max Rj + delay due to potential congestion 
1<i<r 
j  #i 

L P-1 = s ( p -  1) + h + * ( p +  7 + h )  

Additional details on the charging method related 
to this model can be found in [4]. 

3 Parametric Analytical Benchmark- 
ing for Execution Time Estimation 

For an accurate estimation of the execution time 
of a task, individual timing information of a single 
unit of each parameter on every machines in HP is 
required. The proposed parametric analytical bench- 
marking provides such information using the architec- 
ture characterization tool of PAWS. This tool uses 
an integrated hierarchical approach based upon low 
level benchmarking that completely determines the 
raw timing information of operations and behavior of 
the machine for each category of parameters. In ad- 
dition to the timing information of computational pa- 
rameters, parametric analytical benchmarking should 
provide the architectural information which affects the 
performance of communication. 

The parametric characterization of a machine m 
constitutes a Parametric Computation Benchmarking 
Vector, Bm, whose size is the same as the cardinality 
of parameter set, N .  Formally, this vector is described 
as follows: 

gm = [bml ,bm2,  . . . ,bmN] 

where bPj  represents the performance of machine m 
with respect to parameter j. Given M machines in 
an HP system, a collection of Msiich vectors, consti- 
tutes a Parametric Computation Benchmarking Ma- 
trix (PCBM) which is given as follows. 

The benchmarking of machines for communication op- 
erations obtain timing information about the param- 
eters that determines the performance of communica- 
tion. Such parameters include the number of proces- 
sors (p), data transfer time for one packet (r), the set- 
up time (s), the latency (h), and the bisection width 
(6). Parameters such as the number of processors, t,he 
latency, and the bisection width are readily available 
from the specification of the architecture. However, 
the setup time and data transfer time vary based on 
the machine configuration. 

3.1 Estimation Process 

Estimated Execution Time Vector, &, for a task 1 
is used to describe both c.omputation and communi- 
cation operations on various machines. Computation 
estimation is obtained by using parametric code pro- 
filing vector as a workload distribution and PCBM 
as weighting function. Communication estimation re- 
quires separate function depending on the type of com- 
munication protocols employed in a machine. 

For a given task t ,  Et is, the summation of com- 
putation estimation vector E;0mP and communication 
estimation vector Ztcomm. 

eomp 
"M 

where M represents the number of different machines. 
The element em represents the estimated execution 

time of the task t on machine m. The estimation of 
computation time on machine m, e z m p  is obtained 
by adding all partial estimation for each computation 
parameter const i t 11 ting the task. 

e ~ m p  = 
N 

(execlitmion time for v; operations of 
i = l  

Similarly, communication estimation vector, 
, can be generated by E;omm - - [elomm, . . . , 

obtaining each e:" on machine m as follows. 
e''" m - - max (sending timei + receiving t ime;)  

+congest ion 
1 l S l P  
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The example of communication estimation for one to 
one routing on a p processor mesh is described be- 
low. In one-to-one routing, also known as permutation 
routing, assume that every processor sends L pack- 
ets to a unique destination (i.e., unique among all p 
processors). The total number of processor pairs in 
communication is p. 

In a p processor square mesh, bisection width = 
average latency = O(&. Then, node and link con- 
gestion are balanced and we the estimation of commu- 
nication is 

3.2 Example 

In this section, we demonstrate the proposed 
method by the example of matrix-matrix multiplica- 
tion C = A * B ,  where A, B are n x m and m x k 
matrix, respectively. First, an algorithm is presented 
in the form of supersteps. The execution time is esti- 
mated on a p processor mesh. 

The algorithm is based on row-block partitioning on 
p processors. The initial data distribution and final 
results collection are performed by the host. 

Superstep 0 

Algorithm 

Partition matrices into p blocks and 
assign ith block of A and B to processor Pi. 
One-teal1 communication: the amount of data 
is k$k. 

Superstep 1 to pl Each processor performs com- 
putation on the assigned blocks. Pi generates a 
partial product for A; * Bi. Each processor Pi 
sends Bi to  Pi-1. One-to-one communicat,ion: 
the amount of data is f .  

Superstep p Generate the last partial product. 
Each processor holds rows of the resultant ma- 
trix. The results are sent to the host. All to one 
communication: the amount of data is 5. 

A and B are assumed to be double floating point 
operands. The amount of communication (in bytes) 
is obtained by multiplying the amount of data with 
the size of double floating point operands such as 32 
or 64 bytes. 

The IF1 graph of the example is shown in Figiire 
2. The arcs represent the communication among pro- 
cessors and the amount of communication can be ob- 
tained as described in Section 2. Array operat,ions 
such as fetching, filling and replacing elements of an 
array, etc. are represented using AElement node, AFill 

Superstep1 0 P-1 1 o o  

r e E  
* DOUBLE 

I Final I 
Figure 2: The superst,eps in the form of IF1 graphs. 
The arcs are labeled with the amount of communica- 
tion. 

node, AReplace node, etc. From the graph, PCPV is 
generated. To simplify the process, we assume the 
simple nodes of IF1 graph as operations for code pro- 
filing. 

Parametric compiitation code profiling: cara- 
metric computation code profiling outputs & by 
tracing t,he IF1 graph. The number of operations 
inside a loop depend on the size of the loop. 

Parametric communication code profiling: 
Communication code profiling provides the 
amount of communication based on the IF1 gen- 
eration process as discussed in Section 2. As 
shown in the Figure 2, matching the output port 
variables with t,he input port variables of the next 
superstep provides the amount of communication 
for each superstep. 

0 superstep 0: one to all communication with 
* 32bytes = 24576 bytes. 

0 superstep 1 to 15: one to one communication 
with * 32bytes = 4096 bytes. 

e:;TTO7le = s + f i + L * r * ( 2 + 2 , , I F )  
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0 superstep 16: all to one communication with 
* 32bytes = 4096 bytes. 

e:;EYne = s + ,/F + L * r ( p  + 5 + fi) 
Execytion time estimation In order to compute 

Et, parametric computation benchmarking vector 
for the processors in the mesh should be obtained 
from parametric analytical benchmarking and is 
assumed as below. 
G m e s h  - - [b+ , b* , . . . , bse~ect]  

= [ .I ,  1, .5, .2, .5, . l ,  .2, .1,5] 

The vector is now determined for the tar- 
get machine, p = 16 processor mesh for n =32, 
m=128, k= 64. After some calculation, we can 

-. 
v t =  

- 
U+ 

v* 
U<, 

V M O D  

VAFill  

VAElement 

VARep lace  

VFinalValue 

- V S e l e c t  

32833 
16400 
18480 

16 
32 

114688 
32768 
39070 

16 - 

ComP - g m e s h  . v - e m e s h  - - 50.9519 msec 

V, Zmesh Benchmarking results for communica- 
tion is needed for the estimation of communica- 
tion time. Setup time s and data transfer time r 
are assumed to be 80 and .5 microseconds, respec- 
tively. Data in double floating point are assumed 
to be 32 bytes long. Since in a mesh network, b 
= h = ,/F = 4, the communication time can be 
estimated as follows, 

superstep 0: 

eEiTFa,l = 291.924 ( m s e c )  

superstep 1 to 15: 
ecomm 

one-one = 20.564 ( m s e c )  

0 superstep 16: 

e ~ ~ ~ ~ n e  = 48.724 ( m s e c )  

The estimation of communication time e;:? = 
649.12 msec.  Thus, the total execution time of 
the example on a 16 processor mesh is the sum of 
computation and communication time. 

comp comm emesh = e m e s h  + emesh = 700.0719msec. 

4 Conclusion 

We have presented a methodology for estimating 
the execution time of applications in an HP envi- 
ronment. Specifically, we have proposed parametric 
code profiling and parametric analytical benchmark- 
ing techniques and have incorporated the concept of 
an architecture independent model. The methodology 
uses fine-grained computational details of the given 
code along with a high-level abstraction of the com- 
munication operations employed in the code. 
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