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Abstract— A parallel module for applications based on 
overlapping grids has been devised and implemented in JASMIN
(J parallel Adaptive Structured Mesh applications 
INfrastructure). In this module, a patch-based data structure, a
grid mapping method and a unified communication schedule 
have been designed and adopted to overcome the communication
bottleneck broadly existing in overlapping grids parallel 
computing. A grid mapping method library has been designed to 
make the module be adaptive to all kinds of structured grids, and 
an interpolator library has also been designed to gather 
interpolators. Meanwhile, by encapsulating parallel computing 
strategies, such as distributed storage, data communications, etc. 
and providing standard interfaces, this module can help users 
realize overlapping grids parallel computing conveniently.
According to our test results, applications based on this module 
can be run efficiently on thousands of processors, which prove 
the module’s satisfying parallel performance.
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I. INTRODUCTION 

The overlapping grid technique can be used to solve partial 
differential equations (PDEs) defined on complex 
computational domains. This technique is based on the 
subdivision of the physical domain into overlapping 
computational domains. Independent girds are generated for 
each of the computational domain, enabling a flexibility on the 
choice of the type of discrete element as well as on their 
orientation that could not be possible when generating grids 
with complex geometries. Each domain is represented by one
block structured grids, and domains are coupled by the 
exchange of information across overlapping grids. One 
example of overlapping grids with two block structured grids
is illustrated in Fig. 1.

The overlapping grid technique was first envisaged as a 
tool for simplifying the grids generation [1-3]. It is now well 
established that overlapping grids can be used to solve a wide 
class of problems efficiently and accurately. The technique is 
especially attractive for handling problems with complex 
geometry, and problems with moving or deforming boundaries.
It has been used successfully to solve a wide variety of 
problems in high-speed reactive flow [4,5], combustion [6], 
aerodynamics [7,8], blood flow [9], electromagnetics [10], 

flows around ships [11,12], and atmosphere simulations [13], 
among others.

Fig. 1. An example of overlapping grids. 

The overlapping grid technique consists of three steps: find 
the connectivity girds in the adjacent domains; interpolate the 
variables from one domain to another; update of the boundary 
condition of each one. The need to interpolate between the 
various overlapping grids necessitates use of a connectivity
routine. The role of the connectivity routine is to perform 
searches for the grid points that lie in the region of overlap to 
determine the correct interpolation coefficients from grid
points of other blocks. Static-grid simulations perform the 
connectivity solution as a preprocessor step and use the 
information throughout the calculation. Once the overlapping 
grids are established, the connectivity between them can be
established using software, e.g. PEGASUS [14]. Once the 
domain decomposition has been performed, the connectivity
search strategy can be based on a quadtree strategy (in 2D, and 
oct-tree in 3D) [15]. After the connectivity routine is the 
communication step. The parallel implementation approach of
OVERFLOW [16] uses both coarse-grained parallelism
between grids and fine-grained parallelism within grids. An 
asynchronous communication via MPI is developed based on 
this approach [17]. CPL6 [18] uses a master-slave 
communication schedule. Grids are assigned to slave 
processors, and the exchange of information across the 
domains is carried out by several master processors.  

Over the years, various parallel systems have been 
developed including distributed and distributed-shared 
memory systems.  With the parallel systems, large-scale 
numerical simulations can be implemented. However, high 
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performance computations of such large-scale realistic 
applications using overlapping grid technique under 
distributed memory systems are not easy. The grid points do 
not meet point by point in overlapping area and information
exchange is realized through interpolation. Applications with 
millions of grid points may consist of many blocks of 
overlapping grids. A proper method that specifies the 
connectivity among so many blocks of overlapping grids may 
be a challenge in large-scale simulations. Furthermore, a
domain-decomposition method is always used in parallel 
computing.  Every domain is decomposed to several 
subdomains which would be located on different processes. A 
proper communication schedule among a large number of 
subdomains may be another challenge. Softwares have been 
developed over the last several decades but improvement of 
their efficiency and convenience remains a challenging 
problem.   

The parallel module presented in this paper consists of grid 
mapping, communication, interpolation, etc. The parallel
module is used to facilitate cases with large number of grids
overlapping. It is part of a software toolkit in JASMIN [19], a 
object-oriented software infrastructure for the applications on
all kinds of structured grids. In this module, the efficiencies of 
grid connectivity, communication and interpolation are 
considered. 

The remaining sections of the paper are organized as 
follows: in Section 2, we introduce the parallel module for 
overlapping grids in details. Section 3 provides a test case to 
show the parallel efficiency of the parallel module. Numerical 
results are presented in Section 4. Finally, conclusions drawn 
from our work are discussed in Section 5. 

II. THE PARALLEL MODULE FOR OVERLAPPING GRIDS
COMPUTATION

A. Data Structure
The parallel efficiency of the overlapping grids approach

mostly depends upon the proper distribution of the 
computational workload. For a large class of practical 
problems, optimal load-balancing will minimize processor idle 
time. The objective of load-balancing is to distribute equal 
computational workloads among the processors. Major 
challenges during the load-balancing process may arise due to 
the wide variation in block sizes and in computational
workload of one gird point on different blocks. A smart
mechanism for resolving these challenges may be using a 
domain-decomposition approach. Every computational 
domain (block) is decomposed to several subdomains which 
named as patches here. Each block can be split into patches in 
almost equal sizes but smaller than the block. Conceptually, 
having these patches with smaller sizes simplifies the load 
balancing procedure and leads to a more computationally
balanced workload. 

Patch is the basic data structure of the parallel module 
presented in his paper. Each block is split on its own, so a 
patch is assigned to one block. And it must be assigned to one 
MPI process. The split is done in multiple dimensions. For 
instance, the grids of a block are ordered by a triplet � �kji ,, , 

which represents the three spatial dimensions and varies from 
(0,0,0) to a maximum of � �1,1,1 ��� KJI . Then a block 
consists of KJI �� grid points. If the block is split from 
midpoints of three dimensions, it will get eight patches. Patch 
0 varies from � �0,0,0 to � �12/,12/,12/ ��� KJI . 
Patch 1 varies from � �0,0,2/I to � �12/,12/,1 ��� KJI . 
These patches do not include grid points of other blocks. 

Patch includes variable arrays belong to it and grid points 
which can be aligned logical rectangular. Patch size and shape 
can be adjusted conveniently, so the ratio of surface-to-volume 
grid points and the cache hit are both under consideration. 
Variables can be defined at grid point (node variable), center
of every two grid points (edge variable) and center of cells 
surrounded by every eight grid points in three dimensions (cell 
variable). Each patch is ordered by a triplet that is defined on 
cell.

For computational efficiency reasons, connectivity and 
data exchange between adjacent patches are set by means of 
ghost cells. One example of ghost cells of one patch is 
illustrated in Fig. 2. The ghost cells are signed by shadow. 
They are donated from other eight patches. The use of ghost 
cells is needed for boundary condition treatments and 
information exchanges between patches. After information 
exchanges, computations can be done separately on individual 
patches.

Fig. 2. Ghost cells of a patch. 

B. Grid Mapping Method
In the interpolation step, each grid point generally requires 

the values on donor points. Therefore, each grid point need to 
search its donor points located on other blocks; that is called 
grid connectivity routine. In multiblock grids where the blocks
meet point-to-point on block boundaries, grid connectivity can 
be identified by ghost cells. Unlike multiblock grids cases, a 
special procedure should be realized to determine the proper 
connectivity of the overlapping grids. One step of the 
searching donor grid points is to remove some gird points of 
the other blocks located inside the block in order to define an 
apparent interface; this task is called hole cutting. Some cases 
need hole cutting while others do not need. Here we only 
focus on the searching routine for interpolation. 

The donor grids searching routine presented in this paper is 
based on patch. Each patch searches its individual donor grid
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points. Before the searching routine, a tree-like structure is 
already constructed during patch split. This is known as a kind 
of range searching. Searching based on patch will reduce 
searching cost significantly. Firstly, only the grid points
located on patch boundary need to search donor points in most 
cases. Secondly, when one grid point on a patch finds its 
donor points, the adjacent grid points can use its connectivity 
information and searching their own donor points around 
those of the previous one.

The donor grid points of a patch are usually located on 
several donor blocks, and each donor block includes several
donor patches. Fig. 3 shows a simple example with two blocks 
overlapping grids that pink one is split into two patches and 
the green one is split into six. The donor grids of blue patch of 
pink block are located on orange patch and yellow patch of 
green block. It is hard to record and gather so much donor 
information from different blocks different patches when the 
patch number is very large. 

Fig. 3. Receiver patch and donor patches. 

To overcome some of the deficiencies, ghost patches are 
constructed to save its donor grids information. The number of 
ghost patches of a receiver patch is same as the number of its 
donor blocks. Each ghost patch is in the same resolution with 
the donor patches. Fig. 4 shows a ghost patch from the 
example illustrated in Fig. 3. The ghost patch includes the
whole orange patch grids and part of yellow grids. The grid
points’ number of a donor patch depends on the overlapping 
area between the receiver patch and a donor block.

Fig. 4. An example of ghost patch. 

The number of grid points for each ghost patch also 
depends upon the accuracy order of the corresponding 
interpolator. For example, the existing grids shown in Fig. 4 
may enough for a first-order accurate interpolator, while a 
second-order method may require one more layer. For a 
scheme with order of accuracy p, we choose the width of the 

ghost cells to be at least p/2 for ghost patches so that all donor 
gird points’ information needed by one patch can be gathered 
on a single patch, thereby a single processor before 
interpolation. 

For static overlapping grids, these operations are done 
once, at the beginning of the computation, while, for the more 
general case of moving grids, the determinations of donors has 
to be repeated within the time-stepping loop.

This method presented above in this subsection is named 
as grid mapping method. There are two key elements in grid 
mapping method. One is a tree with patch boxes as its nodes, 
the other is donor grids searching method based on patch. 
Several methods such as stencil walk method and inverse map 
method are widely used in overlapping grid applications. A 
grid mapping method library is constructed for integrating 
these methods. An interface is provided to support user-
defined searching method based on patch.

C. Communication Schedule
The interpolation step generally requires communication 

between processors. In a distributed-memory parallel 
computation, the solution value of an interpolation point is 
usually located on a different processor from the values on
different donor blocks. Therefore, communication schedules 
(i.e. information on the size and type of messages that will be 
sent/received) for transferring should be determined. Proper 
communication across the overlapping grids must be assured. 

In the previous subsection, we constructed a ghost patch to 
gather the whole information that a receiver patch need to do
interpolation. To facilitate messages pack/unpack routine, the 
ghost patch and the receiver patch are assigned to the same 
processor which is shown in Fig. 5. With this management, 
communication is only needed between ghost patch and the 
donor patches. The pack/unpack routine will be effortless 
because the grid points of these patches can be ordered by the 
same index triplet. 

Fig. 5. Ghost patch assignment. 

In the transferring scheme used in this paper, each 
processor sends at most one message (packing whole message 
in one buffer) to any other processor. With this scheme, 
communication latency will be reduced significantly. The 
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destination processor unpacks the messages it receives from 
other processors and then assigns the values to its proper ghost 
patch. 

D. Interpolator Library
With the grid mapping method and communication 

schedule, interpolation can be realized on the type of serial 
computation on patch. Many existing interpolators can be used 
directly.

In case of overlapping grids, direct interpolation is 
frequently realized by bi-linear or tri-linear interpolation. The 
advantage of the direct interpolation is that it saves 
communication cost because the number of donor grid points 
needed by a grid point is small. The disadvantage of direct 
interpolation is low accuracy order. The need for interpolation 
with higher accuracy order has been illustrated by amount of 
applications. As a high accuracy order interpolator, 
conservative interpolation algorithms that maintain 
conservation in overlapping grids are fully discussed in many 
references. For more sophisticated cases, weighted 
interpolations are presented.

An interpolator library is constructed for integrating these 
methods. An interface is provided to support user-defined 
searching method based on patch. Every interpolator 
integrated in the library can be used simply by a string from 
which identify the interpolator.

Fig. 6. Interpolator Library. 

III. PARALLEL PERFORMANCE

All experiments of this section and the next section in this 
paper were run on the Tianhe-2 system. And the timing results 
are given in seconds.

The overlapping grids used for the parallel performance 
test is two blocks rectangular overlapping grids in 2D. The 
two blocks cover the same physical area. In other words, they 
overlap completely. The receiver block contains 5761×2881
grid points, and the donor block contains 1441×721 grid 
points. In the test case, processors are divided to two groups. 
One is for the donor block, and the other is for the receiver 
block. As presented in subsection 2.3, communications are 
between two processor groups while interpolations are
realized in processor group that contains the receiver block. 

Here, the interpolation from donor block to receiver block 
has done twenty times. The processor number for each group 

is same. Fig. 7 shows the various timings for the test case. The 
processor number illustrated in Fig. 7 is the sum of two groups. 
Because this is a static overlapping case, the time only 
includes communication between two blocks and bilinear 
interpolation.  The grid mapping cost is not included. 

Fig. 7. Communication and interpolation times. 

Performance scalability for the module presented in this 
paper when using more than 5184 processors is low due to 
high communication times and small number messages. For 
example, when the whole processor number is 10368, each 
processor group contains 5184 processors. For the donor 
group, each processor contains only 200 cells. With such a
low number of cells per processor, the effectiveness of 
communication is diminished. 

IV. NUMERICAL RESULTS

The numerical simulation used in this paper is a Climate 
system models simulation. Climate system models play an 
instrumental role in understanding and simulating past, present 
and future climates. Climate system models generally include 
four components: the atmosphere component, the oceanic 
model, the sea ice component and the land model. Each 
component realizes a specific process that may influence the 
global climate. These components are coupled by exchanging 
some of physical information. A complete description of the 
numerical simulation can be found in [20]. 

Each component of Climate system models employs an
independent structured grid. The atmosphere component 
employs a hybrid horizontal grid. There are 26 vertical layers 
with 361×162 grid points of each layer. The oceanic model 
adopts a 30 levels geographic longitude-latitude grid with 
1441×675 grid points of each level. The grid of the sea ice 
component is same as that of oceanic model. And the grid of 
the land model is same as that of atmosphere component.
Because of the different grid resolutions among these 
components, the grids can be viewed as overlapping grids.

Interpolations are needed between the top level of the 
oceanic model and the bottom layer of the atmosphere 
component, and also between the top level of the sea ice 
model and the bottom layer of the atmosphere component.  

Table 1 shows the timings using various numbers of 
processors. The parallel efficiencies compared with timing of 
72 processors are also shown. The execution time Texec is the 
computation and communication time required to simulate the 
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climate system models of a physical day. In this simulation, 
oceanic model and atmosphere component are coupled once 
per physical day, and sea ice model and atmosphere 
component are coupled once per physical hour. Therefore, the 
execution time Texec includes one interpolation between 
oceanic model and atmosphere component, and twenty-four 
interpolations between sea ice model and atmosphere
component. Processors are distributed to three groups that 
belong to the four models separately. These groups are 
distributed following the proportion of 8:2:1. The largest one 
is for the oceanic model. The smallest one is for the sea ice 
model. The middle one is for the atmosphere component and 
the land model. This was done according to the computation 
costs of these models. 

TABLE I. RUNTIMES FOR CLIMATE SYSTEM MODELS SIMULATIONS AND 
EFFICIENCIES

P 
One physical day simulations
Texec(s) Eff(%)

72 970.9 100

210 333.7 99.6

804 93.7 92.8

1596 57.2 76.6

3180 47.3 46.5

5856 36.2 33

Just like the performance test results described in the 
previous section, performance scalability for the application
when using more than 3180 processors is low due to high 
communication times and small number messages. However, 
because of the large computation of this application, the 
parallel efficiency decreases with the increasing number of 
processors slowly. 

V. CONCLUSION

The overlapping grid method is a powerful technique for 
simulations. In this paper, we presented a parallel module for 
efficient computations of such large-scale realistic 
applications on supercomputers. Patch-based data structure, 
grid mapping method and communication schedule are the 
main components of the parallel module. Specifically, these 
strategies and their roles were discussed. Patch is a subdomain 
which belongs to one block of overlapping grids. Splitting 
overlapping grids into patches in order to simplify the load 
balancing procedure and lead to a more computationally
balanced workload. Grid mapping method searches donor 
interpolating grid points based on patch. A tree with patch
boxes as its nodes is designed in order to reduce searching cost. 
A data structure named ghost patch is used to facilitate donor 
messages gathering routine. Communication schedule
determines transferring information. A ghost patch assignment 
strategy is used to facilitate messages pack/unpack routine. A 
coarse grained communication schedule is implemented in
order to reduce communication latency. Finally, for the 
convenience of users, a grid mapping method library and an 

interpolator library are constructed for gathering existing 
methods and interfaces are provide to develop new methods. 

All experiments in this paper were performed on the 
Tianhe-2 system. In the parallel performance test, 
interpolations are implemented from donor block that contains 
1441×721 grid points to receiver block that contains 
5761×2881 grid points. The test case can be run on 10386 
processors. Performance scalability when using more than 
5184 processors is low due to high communication times and 
small number messages. The numerical simulation used in this 
paper is a climate system models simulation. Interpolations are 
implemented between a grid with 361×162 grid points and 
grids with 1441×675 grid points. According to our test results, 
the climate system models simulation based on this module 
can be run efficiently on thousands of processors. 

The parallel module has been implemented in JASMIN. 
JASMIN provides parallel supports to applications. With these 
supports, a parallel program based on overlapping grids can be 
realized on the type of serial computation. 
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