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Abstract. In this paper the authors present a methodology to pur-
sue parallel environmental transport computations on computing grids.
A Natural Coordinate System (NCS) is intro duced to transform the
two-dimensional environmental transport problem into a series of one-
dimensional advection systemscoupled with transverseand longitudinal
di�usion. Then appropriate numerical methods are deployed to solve the
transport problem at larger timesteps. Two kinds of computing grids
are used: one is a Sun 220R Enterprise Cluster and the other is a non-
dedicated network of PCs. The experiments demonstrate the high scal-
ablit y of the model performance.The authors argue that the combination
of the usageof the NCS and suitable numerical schemesis the reasonfor
the inherent scalability of this model.

1 In tro duction

High performancecomputation are required in many environmental simulation.
Traditional parallel programming requires a suitable computing platform and
algorithm to achieve the speedup goal. The expenseof buying and operating a
dedicated parallel computer or the di�cult y of accessto existing parallel com-
puters, often deter practicing engineersfrom this route. Grid computing, which
usually at low cost, is becomingoneof alternativ e of parallel computing to envi-
ronmental engineersin designo�ces. Virtually all networked workstations/PCs
can be utilized as low cost computing grids. However, thesenetworks are usually
heterogeneous,so that computational models and algorithms must be appropri-
ately designedto achieve scalability on thosecomputing environment. The main
goal of this research was to develop a methodology for parallel environmental
modeling on computing grids.

2 Mo del Dev elopmen t

Environmental transport refers to the processwherein mass(usually the mass
of some pollutant of interest) is transported by a moving 
uid (usually water



or air). In two-dimensionsmass transport is usually presented in a Cartesian
Coordinate System(CCS) as shown below,
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in which c(x; y; t) is concentration of contaminants; u = (u(x; y); v(x; y)) is the
vector of 
uid velocity in the Cartesian coordinates x and y; Ex and Ey are the
di�usion coe�cien ts in each coordinate direction; and t is the time. Although
equation (1) is typically presented in the CCS it can be transformed into a
natural coordinate system (NCS) in which the principal coordinate aligns with
the 
o w-�eld streamlines and the secondarycoordinate is mutually orthogonal
[1]. The resulting equation is:
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where q is the resultant velocity, q =
p

u2 + v2, u(x; y) and v(x; y) are the
velocities in the x and y directions. D � is the streamwise di�usion coe�cien t,
D � is the transversedi�usion coe�cien t, � is the streamwisecoordinate direction,
� is the transversecoordinate direction and t is time.

In essence,the entire computational methodology can be summarized as
solving equation (2) numerically on a computational mesh basedon a natural
coordinate system, referred to as an NCS mesh[1]. Considering that the advec-
tion processand di�usion processare causedby di�eren t mechanism, equation
(2) can be transformed into following coupled equations:
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Equation (3) represents the pure advection process,equation (4) describes the
longitudinal di�usion processesand equation (4) describes the transversedi�u-
sionprocesses.The implications of this formulation for distributed computing are
signi�can t. Assumethat an NCS meshconsistsof J = 8 streamtubes,and each
streamtube consistsof I = 30 cells (seeFig. 1). For pure advection problems,
only equation (3) needbe solved. The collection of streamtubes in regions 1, 2
and 3, shown in Fig. 1, can be mapped to three di�eren t computational nodes
(e.g., node 1, 2 and 3), where equation (3) is solved for each of the streamtubes
independently . For advection-di�usion problems, equations (3) and (4) can be
solved asbefore, i.e., the collection of streamtubesin regions1, 2 and 3 on three
independent computation nodes(node 1, 2 and 3). Followed that, the transverse
di�usion is then solved. The collection of "di�usion-tub es" within region 1' can



Fig. 1. Transport computation in an NCS mesh

be mapped to node 1 for computation with regions2' and 3' mapped to nodes2
and 3 respectively. Therefore, equation (5) can be solved simultaneously. In this
case,communications between computational nodes is inevitable. One e�cien t
way to reduce the number of synchronizations and data exchange is to adapt
large timesteps. In the model presented here, the advection term is solved by a
conservative 
ux-based semi-Lagrangianmethod [2{4], and the di�usion terms
are solved using either fully implicit method or the numerical method of lines.

3 Mesh Generation

Mesh generation is an essential and non-trivial part of numerical computation
in an NCS framework. A general approach to generatean NCS mesh basedon
an known velocity �eld consistsof the following steps:(1) Calculate streamlines
starting at in
o w boundary sections using velocity vectors. These streamlines
form the longitudinal axesof an NCS; (2) Calculate cross-streamlinesstarting at
boundary sectionsusing the normal vectors of velocity. Thesecross-streamlines
form the transverse axes of the NCS; (3) Find the straddle points of those
streamlines and cross-streamlines,which are vertices of the mesh for the NCS;
(4)Four adjacent vertices construct a cell, basedon that streamtubesand cross-
streamtubescan be constructed.

4 Job Scheduling

Consideringthe heterogeneity and reliabilit y of nodesin a computing grid, a two-
layer (server/client) communication model was adapted in this research. Since
the computation is basedon an NCS mesh,a dynamic job assignment algorithm
was implemented to achieve better model performance. In this algorithm, the
server �rst splits the computation into many tasks to be performed, assignsone
job to each client (node), and waits for completion. When a client completesits
task, the server will assignanother task for it. This assignment continues until
all tasks are assignedout. Although this dynamic assignment requires more
communication and synchronization than static assignment, it is more 
exible
and suitable for heterogeneousor non-dedicatedcomputing grids.



5 Computing Grid

5.1 Dedicated Computing Grid

A new computing infrastructure project called the Scalable Intracampus Re-
search Grid (or SInRG) is currently being deployed at the University of Ten-
nessee,Knoxville. This project will mirror the underlying technologiesand the
interdisciplinary research collaborations that are characteristic of the emerging
national technology grid. SInRG's primary purposeand a more detailed descrip-
tion of its technology are discussedin [12]. The main building blocks of the
SInRG architecture are called Grid ServiceClusters (GSCs). The GSC used in
this research is a Sun 220R Enterprise cluster of 16 nodes. Each node has 512
MB of memory with 4 MB L2 cache and duel Sun Ultra Sparc-II 64 bits RISC
processorsof 450MHzrunning under the Solaris7.0operating system.Each node
in the cluster was connectedvia a 1 Gbits Ethernet connection.The generalar-
chitecture of this GSC is shown in Fig. 2(top). In this paper, an implementation
of MPI standard library , MPICH, was selectedto support the message-passing
communication in parallel computations.

Fig. 2. General Architecture of a dedicated computing grid(top) and a non-dedicated
computing grid(b ottom)

5.2 Non-Dedicated Computing Grid

Rather than run the model over an actual non-dedicated computing grid (for
which we would have had little control), the model was implemented on a sim-
ulated non-dedicatedcomputing grid, i.e. a dedicated networked PCs was setup



to replicate a non-dedicatedsystem by altering environmental conditions. Each
PC (node) in this systemhad duel operating systems(Windows and Linux) and
was connectedto the network via a 10Mbit/s Ethernet. Those PCs belongedto
two di�eren t subnets,and each had its own terminal. Fig. 2(bottom) shows the
generalarchitecture of the networked PCs.

In order to simulate the computational environment of a non-dedicatedgrid,
we intro duced two parameters to de�ne the reliabilit y of environmental condi-
tions on the dedicatednetworkedPCs.The �rst parameter is a network reliabilit y
coe�cien t (NRC), which is designedto represent the possibility of a node(client)
failure within the computation system. The NRC can take any value between
0 and 1, which represents the precentage of valid connectionsthat a server re-
ceived. The secondparameter is a computing e�ciency coe�cien t (CEC), which
represents the relative computational abilit y of each node (client). The CEC is a
random number generatedby a participating node (client), ranging from 0.4 to
2.5. The smaller the value, the faster is the computation performance.By intro-
ducing theseparameterswe could essentially con�gure the network to replicate
a real heterogeneous,non-dedicatedcomputing grid.

5.3 Distributed Comm unication System for Non-Dedicated
Computing Grid

In this research, a distributed communication system was developed in Java
to support the parallel computations on the non-dedicated grid, see Fig. 3.
Structurally , the distributed communication system consistsof four major sub-
systems:a data processingsystem,a �le-management system,a communication
system, and a computation system. The main function of the data processing
systemis to collect necessarydata and store them into an appropriate format ac-
cording to pre-de�ned protocols. The �le management system is a multi-thread
systemto createand maintain two data queues,namely, in queueand out queue,
shown in Figure 3. The communication system basically consistsof two parts:

Fig. 3. Distributed communication system for non-dedicated computing grid



a server and a client, among which data are exchanged via sockets. The com-
putation system only exists within clients. The client only parsesan incoming
message,executesthe task according to the underlying protocols,and sendsthe
result back to the server. See[1] for more details.

6 Numerical Exp erimen ts

6.1 Adv ection-Di�usion in a Rotating Flo w Field

A Gaussiandistribution pro�le transported in a rotating 
o w �eld is a common
test casein environmental transport modeling [6]. In this case,pollutant mass
initially distributed in a Gaussianpattern is transported by a circular 
o w �eld.
The initial concentration is a Gaussiandistribution, which is described by the
equation

co(x; y) = exp(�
(x � xc)2 + (y � yc)2

2� 2 (6)

where (xc , yc) is the center of the Gaussian pro�le, � is the standard devia-
tions (=

p
0:5).The di�usion coe�cien t D is given as 10� 2. The corresponding

analytical solution of this casewith constant di�usion coe�cien t D is given by:

c(x; y; t) =
2� 2

2� 2 + 4Dt
exp(�

(x � xc)2 + (y � yc)2

2� 2 + 4Dt
(7)

where(xs , ys) is the center of Gaussianpro�le at Lagrangian coordinates, which
changeswith time. After half revolution, (xs , ys) is at the symmetric location
of (xc , yc).

The computation domain consists of 80 streamtubes. The width of each
streamtube is 0.2 and the number of boxes in each streamtube is 200.Therefore
there were 16000 computational grid points. The two-dimensional plots (plan
view) of the initial condition, the contours of exact solution after half revolu-
tion, as well as the computation domain, are shown in Fig. 4. The simulation
time of this test is �xed as 200 time units for half revolution. The timestep is
set as 100 time units, and so the simulation takes two steps and the Courant

Fig. 4. Initial condition and exact solution (left), portion of computational domain
(middle) and numerical result after two steps (righ t)



number reaches50. The lateral di�usion number at the center of Gaussianpulse
is about 16.0. The transversedi�usion number at the center of Gaussianpulse
is about 25. In this experiment, contour plots with an interval of 0.01 are used
to show model results. The numerical result (right graph of Figure 4) is very
similar to the exact solution showing that the model accuracy is very high. A
complete accuracy picture is presented elsewhere[1]. Since the simulation only
take two steps, it is highly suitable for grid computing.

7 Parallel Performance

7.1 Mo del Performance on a Dedicated Computing Grid

In this seriesof experiments, the number of participating processorsvaried from
1 to 10. Speedupfactors (de�ned as the ratio of the runtime of a serial solution
to a problem to the parallel runtime) are calculated and shown in Fig. 5. The
scalability is satis�ed. The speedupfactor using 10 processorsis larger than 7. It
is worth mentioning here, that by adopting an NCS mesh, the computation do-
main is automatically, optimally partitioned, and the computations required are
linearly related to the number of steps.In theseexperiments, the computational
time required to complete the simulation is signi�can tly reduced by adopting
large timesteps. The Courant number in the experiment reaches50. If we used
a traditional Eulerian method, such as �rst order upwind di�erencing, the com-
putational time would be at least 50 times larger than what we achieved in this
experiments.

7.2 Mo del Performance on a non-Dedicated Computing Grid

In this series of simulations, the number of participated nodes (clients) var-
ied from 1 to 10. NRC was set as 0.8 and CEC was �xed as 1. The results
of the speedup factor are shown in Fig. 5. The model scalability is high. The
speedup factor in the condition of 10 processorsis nearly 9. But the most im-
pressive aspect of this computation is its super reliabilit y: (1) the computation

Fig. 5. Model performance on computing grids



can be resumedat any point, even after all clients have beenterminated; (2) the
participating number of clients are only limited by the capacity of the server,
theoretically any networked idle computers can join this distributed system.
The total execution time on a non-dedicated grid is much larger than that on
a dedicated grid, however, these disadvantages do not deter us from seeking
high-performancecomputations on a non-dedicatedcomputing grid becausethe
basic idea behind this kind of approach is to reuseall idle and available CPU
cyclesfrom contributing nodes.This basic approach lies somewherein the area
betweengrid computing and P2P (peer to peer) computing.

8 Conclusions and Future Challenges

In this paper the authors describe a methodology to e�cien tly predict the fate
of episodically releasedpollutants in two-dimensions.The method employs a
computational mesh that aligns with the natural coordinate system of the 
o w
�eld resulting in a simpler advection-di�usion system that is well suited for
grid computing. The method's usefulnesswas demonstrated with referenceto
two transport problems and in both casesthe present method was shown to
provide excellent results. Finally the method was shown to be well-suited for
implementation on both dedicated and non-dedicatedcomputing grids.
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