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ABSTRACT

It is difficult to parallelize a subsistent sequential algorithm. Through analyzing the sequential
algorithm of a Global Atmospheric Data Objective Analysis System, this article puts forward a distributed
parallel algorithm that statically distributes data on a massively parallel processing (MPP) computer.
The algorithm realizes distributed parallelization by extracting the analysis boxes and model grid point
tatitude rows with leaped steps, and hy distributing the data to different processors. The parallel algorithm
achieves good load balancing, high parallel efficiency, and low parallel cost. Performance experiments on

a MPP computer arc also presented.
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1. Introduction

Mediun range numerical weather prediction is a
typical kind of high-perforinance computation prob-
lem. It is of great importance to the objectivity, qnan-
tification, and automation of weather prediction and
the improvement of wealher forecast veracity. It pre-
dicts a future atmospherie state by analyzing the al-
mospheric state on initial and boundary conditions,
and solving the atmospheric basic equation system.
The objective analysis system is the main part of the
data assimilation system and it combines the informa-
tion from the first guess field, typically a six-hour fore-
cast valid at the analysis time, and the observed quan-
tities, taking errov estimates into account (Pfaendtner
et al. 1995, da Silva et al. 1995).

In this paper, the objective analysis system is based
on the optimal interpolation (OI) algorithm intro-
duced by Gandin {von Laszewski, 1996). It uses a
statistical process based on mean square minimization
to obtain the missing values for the computational grid
(Mu ct al., 2002). It takes a first guess [or the fields
and observations. Then, for each grid point, actual
ohscrvations are used in order to obtain an analysis
increment, based on the weighted sum of all observa-
tious in the vicinity of the point.

The methods to parallelize the objective analysis
system based on the Ol algorithm were proposed by
Baker et al. (1987), Isaksen (1992), and von Laszewski
et al. (1994), using locking mechanisms and dynamic
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load balancing, respectively. But these methods oc-
cupy massive resources on a MPP computer, so they
are not appropriate for such a computer.

"This article presents a distributed parallel compu-
tation strategy of the objective analysis system on a
MPY computer (Tanenbaum, 1995). A static load bal-
ancing method based on MPI (Message Passing Inter-
face Forum, 1994) will be used in this stralegy. First,
the sequential algorithm of a Global Objective Anal-
ysis Systern will be introduced briefly. Then, the dis-
tributed parallel algorithm will be presented. And last,
the parallel efficiency of the parallelized objective anal-
ysis system will be discussed.

2. Sequential algorithm

2.1 Optimal interpolation method

The opiimal interpolation method has been de-
scribed in numerous textbooks and papers (e. g.,
Baker et al., 1987; Daley, 1991}, so it will only be
introduced briefly here.

The basic interpolation equations are illustrated
below, in which A represents a random scalar, £ the
rool-mean-square error of this scalar, and subscripts
i, p, 0, and t the interpolation value, prediction value,
observation value, aud true value, respectively.
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Assuming that the correlation between prediction er-
ror and observation error is zero, and minimizing the
expected variance of the normalized interpolation error
to ascertain the optimal weight of each picce of obser-
vation data, we get the optimal interpolation equation,
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£n.0), B is the vector of normalized increment value
(Ano — Anp)/{Enp), and Py vector of the prediclion
error correlation (g p, Gn p}.
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2.2 Box trees

In the objective analysis system, a box method is
uiilized, and the following presents the process of con-
structing hox trees.

{a) Construct base bux irees

Divide the earth’s surface into boxes of approxi-
mately equal area. For example, there may be 32 rows
of base boxes whose sides are 5.625 longitude-latitude
degrees between the two poles. For cach base box,
specify its maximal and minimal data-selecting areas.
Iu the minimal data-selectiug area, count the amount
of data in each vertical level.

(b) Generate sub-box trees

If the amount of data in the minimal data-selecting
area excecds the allowable maximal matrix dimension
(a predefined constant, such as 451), divide the base
box into four sub-boxes of equal area, For each new
box, specify its maximal and minimal data-selecting
areas. Repeal the process nntil the amount of data
in the minimal data-selecting area of a box is smaller
than the allowable maximal matrix dimension. The
generated new hoxes constitute the sub-box trees.

In the objective analysis system, computation of
box-trees is the computation of each leaf of the box-
trees, that is, the final analysis boxes.

2.3 Sequential algorithm in the objective analy-
sis system

The objective analysis system consists of several
wodules which include initial values, inverse Legendre
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transform of the background field, observation data
processing scan, mass and wind field analysis, huroid-
ity analysis, and direct spectral transform of the anal-
ysis field. The mass and wind ficld analysis module
includes four main steps:

{a) Create super-observations

(b) Check data and eliinate errors

The algorithin is llustrated as follows:
creale pox-trees;
for each [inal analysis box do

calculate observation-obhservation error correlation
malrix;

invert the error correlation matrix;

calculate observation-grid-point errur correlation
matrix;

calculate analysis errors;
end for

{c) Evaluate analysis coellicient

The algorithm is as follows:

create box-trees;
for each final analysis box do

calculate observation-observation error corrclation
matrix;

solve the linear equation system;
end for

(d) Calculate grid-point analysis value

The algorithm is as follows:
for each grid-point latitude row do

find all influencing boxes;

calculate obscrvation-grid-point error correlation
matrix;

calculate virtual temperature increnents;

caleulate the analysis values of u and v;

calculate the logarithms of surface prossure;
end for

The humidiiy analysis module is similar to the
mass and wind field analysis module, only differing
in the analysis variable relative humidity.

3. Parallel strategy

Tn section 2.3, the sequential algorithm of the ob-
Jjective analysis systemn was briefly introduced. After
analyzing components of the run-time of the sequen-
tial programs, we find that the run-time of the mass
and wind field module and the humidity module takes
more than 90% of the total run-time, aud the pro-
portion increases with an increase in the amount of
observational data. Nearly all of the run-time (about
95%) of the two modules is spent on data checking,
evaluating the analysis coefficient, and calculating the
grid-point. analysis value. Therefore in order to de-
crease the cost of parallelization, only these modules
will be parallelized.

The load balancing problem is very important in
parallelization. Tt determines the means of data dis-
tribution. An analysis box is the computation unit of
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the data checking module and analysis coefficient eval-
uating module, 1f each analysis box is independent,
the computation can be parallelized. The computa-
tion unit, of the grid-point analysis value evaluating
module is a grid-point latilude row, and the generated
grid-point analysis values are saved according to lati-
tude rows, so this module can be parallelized accord-
ing to latitude rows. 'The respective parallelizations of
these modules are intreduced below.

3.1 Parallelization of data checking module
and analysis ecoefficient evaluating module

As stated above, the computation unit of the two
modules is an analysis box, so they can be parallelized
by distributing a part of the total collection of analysis
boxes to each processor. The problem is how to dis-
tribute the analysis boxes to balance the load on each
processor.

There are two methods of data distribution, static
distribution and dynamic distribution. Dynamic dis-
tribution assigns tasks according to the actual compu-
tation stute of each processor. This method can obtain
a good load balancing, but the computer code is com-
plicated and occupies many resources, which are very
massive for & MPP computer. Therefore, the static
data distribution will be adopted in the process of pas-
allelization.

We have studied the distribution of observaticnal
data on the earth, and found that it is very uneven:
the distribution is thick in the continents and thin in
the occans and at the poles. But the distribution in the
continents is regular: the atmospheric data is thickly
distributed mainly in America, Europe, and Asia. The
difference in the amount of data between two neigh-
boring analysis boxes among the box trees constructed
in the data checking module and analysis coefficient
cvaluating module is very small. This means that the
computation load in two neighboring analysis boxes is
almost the same. So by selecting the analysis boxes
with leaped steps in the thick data region we can bal-
ance the load on each processor. For the thin data
region, since the data in the analysis boxes is scarce,
the computation load in these boxes is very light and
has little influence on the load balancing of the whole
systom.

T'he parallel algorithm in the data checking module
is as follows:

Lot Ay, be the total number of analysis boxes and
Np the total number of processors.

broadcast the super observation data to each pro-
CEsSOr;

construct box trees on cach processor for data
checking (the computing cost of box trees is less than
the communication cost);
for processor=1 to NV, do
for box=processor to Ny, stepsize=N, do
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calculate observation-observation error correlation
matrix;

invert the error correlation matrix;

calculate observation-grid point error correlation
matrix;

calculate analysis errors;
end for (boxes)
end for (processors)

gather the computing results on each processor by
means of reducing and combining, then broadcast the
whole result to each processor.

The parallel algorithm in the analysis coefficieni
evalnating module is as follows:

construct box trees on each processor for analysis
cocfficient evaluating (the computing cost of box trees
is less than the communicating cost);
for processor=1 to N, do
for box=processor to N, stepsize=N, do

calculate observation-observation error correlation
matrix;

solve the linear equation systern;
end for (boxes)
end for (processors)

gather the computing results on each processor by
means of reducing and combining, then broadcast the
whole result Lo each processor.

In this way, the data checking module and analysis
coefficient evaluating module are parallelized. After
testing, we find that the loads on each processor are
approximately balanced, with the load difference be-
ing about 5%. The communication cost is not massive
and it increases very slowly with the increase in the
numiber of processors. So the communication has lit-
tle influence on the efliciency of parallelization.

3.2 Parallelization of grid-point analysis value
calculating module

The computation unit of this part is the model
grid-point latitude row. Since the process of each lat-
itude row is independent, the earth is divided accord-
ing to grid-point latitude rows and different processors
work on different latitude rows. Because the amount
of data in different latitudc rows is differcnt, compu-
tations of each latitude row are not equivalent. So the
earth cannot be divided simply into several latitude
bands. Since the distribution of global atinospheric
data is relatively concentrated, latitude rows can be
gelected with leaped steps so that each processor can
process a latitude row with heavy or light computation
in turn. In this way, the load on each processor can
be balanced.

The parallel algorithm to calculate grid-point anal-
ysis values is as follows:

Let N; be the total number of latitude rows.
for processor=1 to N, do
for row=processor to N, stepsize=N, do
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find all influencing boxes in a row;

calculate observation-grid point error correlation
matrix based on the initial value of surface air pres-
sure;

calculate virtual ternperature increments;

caleulate the analysis value of «, v,

calculate the logarithms of surface pressure in the
row;
end for (rows)
end for {processors)

gather the computing results on cach processor to
transmit to No. 1 processor, reducing and combining
them.

The length of the final computation result array is
a constant and does not change with an increase in the
number of processors. Furthermore. when the number
of processors increases, the increasing proportion of
commmunication is very small, so the total communica-
tion will not excede the computing result array, thus
communication has little influence on the parallel effi-
ciency.

4. Analysis of results and conclusion

Table 1 shows the load balancing state of an non-
balancing parallel algorithm that sequentially selects
analysis boxes. Table 2 shows the load balancing state
of the balancing parallel algorithm. The number of
processors is eight. The time when the data is gath-
ered is 1200 UTC 15 July, 1999. Modules 1, 2 and
3 represent the data checking module, analysis coefli-
cient evaluating module, and grid-point analysis value
calculating module, respectively.

From the tables, we can sce that an uneven data
distribution leads to a poor load balancing. A good
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load balancing can be achieved by using the parallel
algorithm presented in this article.

Table 3 shows the speedup and parallel efficiency
of this balancing parallel algorithm in the paralleliz-
ing data checking module, analysis coefficient evaluat-
ing module, and grid-point analysis value calculating
module in the cases of 1, 2, 4, 8, and 16 processors.

Two groups of data are selected to test the par-
allel efficiency of the parallelized global atmospheric
data objective analysis system on a high-performance
MPP computer. The two groups of data are gathered
in different seasons and al different times, so they are
representative. The two times are 1800 UTC on 15
Octoher, 1998 and 1200 UTC on 15 July, 1999. There
are 11271 reports in the analysis observation file for
the first group of data, and 13381 reports for the sec-
ond group.

From the above, we see the load is approximately
in balance, the parallel efficiency is high, and the paz-
allel method is scalable within a limited number of
processors. At the same time, the parallel efficiency in
the first group of data is lower than that in the sec-
ond because the amount of atmospheric data in the
first is smaller than in the second. In the case that
the amount of atmospheric data increases rapidly in
the future, the computation loads of the three mod-
ules will increase rapidly. Then more processors cau
be used. The communication load will increase, but
the proportion to the total load is very small. So,
good parallel efficiency can still be obtained. The dis-
tributed parallel method presented in this paper can
be easily scaled to a distributcd memory parallel sys-
tern with 32 or 64 processors. In other words, it has
good scalability.

Table 1. Load balancing state of a non-balancing parallel algorithm

CPU D CPU 1 CPU 2 CPU 3 CPU 4 CPU 5 CPU 6 CPU 7 Max/min
Module 1 8.139 11.209 6.365 4.559 2.334 1.504 0.167 19.164 114.75
Module 2 6.673 10.182 10.454 7.991 65.427 3.673 0.578 3.135 18.09
Module 3 113.695 104.196 80.855 53.713 20,487 12,351 3.868 2.138 53.18

Table 2. Load balancing state of the balancing parallel aigorithm

CPU @ CPU 1 CPU 2 CPU 3 CcruU 4 Cru s CPU 6 CPuU 7 Max /1uin
Module 1 6.630 8.972 §.4056 6.450 6,584 6.917 6.660 6.572 1.089
Medule 2 6.781 6.421 6.695 6.541 6.880 8.319 6.800 6.438 1.086
Module 3 55.854 56.554 57.079 57.338 57.298 b7.387 56.928 56,986 1.015
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Table 3. Speedup and parallel cfficiency of the balancing parallel algorithm

1800UTC 15 Oct. 1998

1200 UTC 15 Jul. £999

Number of processors

Speedup Efficiency Speedup Efficiency
- 1 1 100% 1 100%
2 1.8412 92.06% 1.89 64.50%
4 3.6376 90.94% 3.7044 92.61%
8 6.8568 85.71% 6.9008 86.26%
16 12.832 80.20% 13.232 ®2.70%
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