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Abstract

The advent of supercomputers like Blue Gene/L, XT3, XT4 and Blue Gene/P has
given rise to new challenges in parallel programming. Interconnect topology of ma-
chines is one such factor which has become crucial in optimizing the performance of
applications on clusters with thousands of processors. If the topology of an inter-
connect is clearly defined, it is possible to minimize the communication volume and
balance it evenly across processors. It can be minimized by co-locating communi-
cating entities on nearby objects. This can be done at two stages in the program: 1.
during program start-up where we define the initial mapping for migratable entities
and static mapping for non-migratable entities, and 2. during load balancing when
migratable entities are moved across processors to keep the load evenly balanced.
In this thesis, we examine how topological considerations in mapping and load
balancing algorithms can help communication and make applications faster. To
present concrete results, several applications written in CHARM++, 7-point 3-
dimensional Stencil, NAMD and LEANCP are considered. Results on 7-point Sten-
cil are presented as a proof of principle because it is a relatively simple to analyze and
map. NAMD and LEANCP on the other hand are production codes with thousands
of users. NAMD is a classical molecular dynamics application and heavily depends
on load balancing for optimal performance. Load balancers deployed in NAMD
have been modified to place communicating objects in proximity to one another
by considering the communication in multicasts. LEANCP is a quantum chemistry
application based on the Car-Parrinello ab-initio Molecular Dynamics (CPAIMD)

method. In LEANCP, the default mapping of its several object arrays to processors

i



by the CHARM++ runtime has been modified to optimize communication. Results
of improvements from these strategies are demonstrated for all these applications

on IBM’s Blue Gene/L and Cray’s XT3.
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Introduction

Computation and communication are the two aspects of a parallel program which
decide its efficiency and performance. Computation needs to be divided evenly
among processors to achieve perfect load balance. Communication on the other
hand needs to be minimized across processors to ensure minimum overhead. These
two tasks are not independent of each other and need to be performed together.
To minimize communication, we need to place communicating objects on the
same physical processor. This might not be feasible always if we wish to avoid
overloading a particular processor with computational work. In such cases, com-
municating objects should be placed on processors which are close in terms of the
number of network links a message has to travel to go from one to the other. This
might not be possible for irregular or flat topologies but is possible for clearly defined
three-dimensional (3D) topologies. Let us look at a few of them and analyze how
information about such topologies can be utilized to our benefit during a program

rumn.

1.1 Parallel Machines and Topologies

Most supercomputers today have their processors connected through a multi-dimensional
interconnect network. The network can be a 3D mesh, a 3D torus or a butterfly or
fat-tree network or something different. New supercomputers might have complex
topologies which are a hybrid of simple ones. We need to understand the topology

of the machine to map objects onto physical processors effectively.



N

Figure 1.1: A three-dimensional torus network (All connections are not shown for
the sake of simplicity)

For example, in a 3D mesh network, processors are connected to six other proces-
sors and two arbitrary processors communicate using messages which pass through
multiple processors. A 3D torus (Figure 1.1) is similar to a 3D mesh with the dif-
ference that the processors at the ends of the mesh are connected to each other and
are just one hop away. As seen in the figure, the processor in blue has six neigh-
bors at distance one (colored in green). In a mesh, this processor would only have
three neighbors at distance one. These extra connections from end to end reduce
the bisection bandwidth of the network by half. IBM’s Blue Gene/L, Blue Gene/P,
Cray’s XT3 and XT4 have a 3D torus interconnect. Processor topologies will be
discussed in detail in Section 2.1.

The fastest and biggest supercomputers today are connected by three-dimensional
torus interconnects. As we scale to millions of processors, newer and more radical
topologies are sure to emerge. If the topology of an interconnect is clearly defined,
it is possible to minimize communication volume and balance it evenly across pro-
cessors for most applications. We will now try to motivate this thesis by explaining

how topology can have a significant effect on the communication and hence parallel



performance of a program.

1.2 Effect of Topology on Communication

Without a knowledge of the topology of a machine, we would place entities of a par-
allel program arbitrarily. However, this might lead to unoptimized communication
among the entities. If we can co-locate communicating objects close to each other
on nearby processors, we can minimize communication volume.

Communication volume is characterized by hop-bytes [1] which is in turn de-
pendent on the hop-count. Hop-count is the number of hops (processors) through
which a message has to jump to go from one processor to another. Hop-bytes
are obtained by multiplying the hop-count for a message by its message size. The
sum of hop-bytes for all messages for a program gives us its total communication
volume. Ideally we want all communication to be local to each processor so that
this volume is zero. However this is not possible in many scenarios (for example,
if there is all-to-all communication). Hence, we aim at minimizing this volume by
placing communicating objects on nearby processors.

To achieve the above-mentioned effect, we require two kinds of information dur-
ing the actual program run: 1. communication graph of the parallel entities in
a program and, 2. topology information about the processors being used on the
particular machine. This bring us to the choice of a parallel language which helps
us express both easily. The parallel language and framework used in this thesis
is CHARM++. We now introduce CHARM++ and some applications written in
CHARM++ which are used in this work for implementation of the ideas and algo-

rithms, and for obtaining results.



1.3 Charm++ and its Applications

The CHARM++ [2, 3] parallel language and runtime system is based on an object-
oriented parallel programming model. CHARM++ is message-driven and based on
the idea of virtualization. Virtualization is the idea of decomposing a problem into a
large number of small parts where this number is generally a lot more than the num-
ber of processors. Mapping these small parts (virtual processors or VPs) to physical
processors (PEs) leads to an adaptive overlap of computation and communication.
It also provides us with a framework for obtaining the communication properties
of the application and flexibility of mapping VPs to PEs. This framework will be
discussed in Chapter 3.

As a proof of principle, to demonstrate the effectiveness of topology mapping, we
use a simple application written in CHARM++. It is a 7-point 3-dimensional stencil
(referred to as 3D Jacobi henceforth in this thesis) which does regular communica-
tion with its neighbors. The two real applications which have benefitted from the
research in this thesis are NAMD and LEANCP. NAMD [4, 5] is a classical molecu-
lar dynamics application which involves calculation of forces and velocities of atoms
in a system. It has both migratable (objects that can be moved across processors)
and non-migratable (objects which stay on a fixed processor during the entire run)
objects. NAMD does an initial assignment of the non-migratable objects. The mi-
gratable objects are assigned by a load balancer to the processors which is critical
for good performance. In this thesis, we look at the benefits of topological placement
of these migratable objects close to their interacting non-migratable counterparts.

LEANCP [6, 7] is a quantum chemistry application also written in CHARM++. It
is an implementation of the Car-Parrinello ab initio molecular dynamics (CPAIMD)
algorithm. LEANCP has several arrays of objects which communicate in a disci-

plined fashion among their own members and with members of other arrays. This



gives us a fairly regular communication graph which should be relatively easy to
map on to a processor topology. But there are complex intertwined dependencies
among these objects which make this problem difficult. We try to map communi-
cating objects of the same array close to one another and also to other array objects

which are involved.

Further chapters in this thesis are organized as follows: We begin with a descrip-
tion of processor topologies and role of communication in a program in Chapter 2.
We discuss different communication scenarios and analyze which ones can be op-
timized in certain ways. We also list some of the previous work in this area. We
then move on to describe the CHARM4+framework in Chapter 3. Here we discuss
CHARM+-+arrays and how they are mapped. We also discuss the topology inter-
face which provides information about the machine and the allocated partition at
runtime. 3D Jacobi is discussed in Section 3.4. Topology aware mapping for this
application is also discussed there. Chapters 4 and 5 discuss the ideas implemented
in LEANCP and NAMD respectively to improve their performance. Results which
prove and exemplify the effectiveness of topology-awareness are presented in Chap-

ter 6 and future work is discussed in Chapter 7.



Processor and Communication
Graphs

To set the context for our work, we discuss the common processor and communi-
cation graphs which we come across nowadays. The most powerful supercomputers
today are connected by a 3D torus interconnect network. However, parallel ma-
chines can have different kinds of interconnect topologies ranging from fat-tree to
hypercube networks. Communication graphs can range from most general unstruc-
tured kind to very specific regular ones. It is important to understand different
communication scenarios to do hop-count calculations and optimize the mapping

algorithms.

2.1 Processor Topologies

Processors in a parallel machine are connected physically in some fashion. These
connections decide the topology of the interconnect joining them. We are going to
omit a discussion of networks like crossbar switching and bus networks which do
not scale to machines with thousands of processors. Below is a description of the

common topologies used in machines today:

n-Dimensional Mesh In a n-dimensional mesh network, each processor is con-
nected to two other processors in each physical dimension. This gives a total
of 2n connections for each processor. The most common case is n = 3 which is
called a 3D mesh. If the size of the mesh in each dimension is N, the diameter
of the mesh is 3 x (N — 1). Figure 2.1 (a) shows a 2-dimensional (2D) mesh

network.



(a) (b)

Figure 2.1: (a) A 2-dimensional mesh network, (b) A 2-dimensional torus network

Figure 2.2: A 4-dimensional hypercube network

n-Dimensional Torus A n-dimensional torus is a mesh with the processors on the
end of each dimension connected together. This reduces the diameter of the

network by half. Figure 2.1 (b) shows a 2D torus network.

n-Dimensional Hypercube In a n-dimensional hypercube each of 2" processors
are connected to n other processors. A 4-dimensional hypercube can be seen in
Figure 2.2. A (n+1) dimensional hypercube can be constructed by connecting

the corresponding processors in a n dimensional hypercube.

Some of the biggest supercomputers today have a 3D mesh or torus interconnect
network. It is also becoming common to have multiple processing elements (cores)
per physical node of the torus giving a fourth dimension for mapping. Let us discuss

the interconnects for the two machines used for obtaining results in this thesis: IBM’s



Blue Gene/L and Cray XT3. Blue Gene/L has a 3D torus interconnect [8]. Each
midplane (512 nodes) of the machine is a complete torus of dimension 8 x 8 x 8.
Midplanes when joined together form bigger toruses. Each node has two processors
giving rise to 1024 processors in a single midplane. Blue Gene/P has a similar
network configuration but it has 4 processors per node. This gives 2,048 processors
in a single midplane.

Cray XT3 processors are connected by a proprietary SeaStar 3D mesh intercon-
nect [9]. It is also reconfigurable as a 3D torus interconnect but only when using
the entire machine. Any smaller subset gives us a 3D mesh. It is also different in
the sense that all dimensions of the torus are different and not even. The size of the
torus on the Cray XT3 at PSC (called BigBen) is 11 x 12 x 16 in the X, Y and Z

dimensions.

2.2 Communication Scenarios

We now proceed to discuss different communication scenarios which occur in bench-
marks and real-life applications and then explain the ones which we will concentrate

upon in this thesis.

2.2.1 Regular and Irregular Communication

Based on whether each object interacts with a fixed number or variable number of

objects, we can classify the cases into:

1. Regular Communication: In this case, each object communicates with a
fixed number of objects. Let us consider the example of a 2D stencil where
each element in the array is updated by using values from four of its neigh-
bors. For this benchmark, it is known that at every step, each element will

communicate with four other elements. Such cases are the most simple and
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easy to pin down to physical processors in a topological fashion. The appli-
cation LEANCP is also an example of the same category because each array
element communicates with a fixed number of objects which can be identified

by analyzing the algorithm.

2. Irregular Communication: It often happens that the application changes
the properties of the communicating objects which in turn changes the objects
they communicate with. For example, in a molecular dynamics application,
atoms migrate to newer objects and hence the communicating neighbors of
both the old and the new object change. Such a scenario is referred to as

irregular communication.

2.2.2 Point-to-Point, Multicasts and Reductions

Based on the degree of communication which essentially refers to if data is being sent
to/by multiple objects or data is being sent on a one-to-one basis, we can classify

the scenarios into:

1. Point-to-point Communication: When objects communicate with each
other by sending one-on-one messages, it is referred to as point-to-point com-
munication. It is fairly straightforward to understand and map the communi-

cation graph in this case.

2. Multicasts: When an object sends the same data to different objects, then it
is said to be performing a multicast. Broadcast is a special case of multicast
where the message is sent to all the objects in a program. Information about
multicasts helps in doing optimizations and minimizing communication. For
example, in most cases a multicast can be done through a tree. This does not
reduce the number of messages but reduces the load on a particular object

and hence contention around a particular processor.

9



3. Reductions: In this case also multiple objects are involved but the phe-
nomenon observed is just the opposite of what happens in a multicast. Several
objects send data to one object which collects all this data and manipulates

it further.

For the applications we are going to consider in this thesis, we will encounter all
the scenarios mentioned above. 3D Jacobi is an example of simple, regular point-
to-point communication. In LEANCP, communication is regular but we have point-
to-point messages, multicasts and reductions. NAMD has irregular communication

and also uses point-to-point messages, multicasts and reductions.

2.3 Previous Work

There has been substantial research on the general problem of mapping a com-
munication graph to a processor graph. The problem has been shown to be NP-
complete [10, 11, 12] and so efforts have been made in two directions to conquer
it: heuristic algorithms and physical optimization techniques. As early as 1981,
Bokhari [10] came up with an algorithm of pairwise exchanges to reduce interpro-
cessor communication. Results were shown for a specific array processor (the finite
element machine). Lee and Aggarwal [11] came up with a greedy algorithm which
used initial assignment and pairwise exchange. Results were presented for a 8-node
and 16-node hypercube system graph.

Physical optimization techniques like simulated annealing and genetic algorithms
have also been used. Bollinger and Midkiff [13] propose a two-phase annealing
approach to schedule traffic along network links. Arunkumar and Chockalingam [14]
propose a genetic approach which combines the benefits of global search algorithms
with local search heuristics. They claim to improve upon the genetic algorithms

in terms of the mappings produced and the time taken to obtain them which is

10



generally large in such cases. An interesting idea to reduce the time taken is proposed
by Mansour et. al [15] where graph contraction and then interpolation are used to
find solutions for large graphs.

The problem has also been studied for specific topologies and/or task graphs
which comes closer to the work discussed in this thesis. Ercal et. al [16] use a recur-
sive task allocation scheme based on the Kernighan-Lin mincut bisection heuristic
for a hypercube. Agarwal et. al [1, 17] try to solve the mapping problem for pro-
cesses with persistent load patterns using load balancing for 3D torus-like topolo-
gies. Results are shown through simulation studies for two benchmarks, Jacobi and
LeanMD [18]. They also show actual results for a 2D Jacobi-like benchmark on up
to 1,000 processors of Blue Gene/L. Performance improvement is about two times
compared to a random mapping. In this thesis, we present results for 3D Jacobi on
up to 16,384 processors of Blue Gene/L and 2,048 processors of Cray XT3. Per-
formance improvement is up to seven times compared to the default mapping for
some runs. In addition, we also show results for two production codes, NAMD and
LEANCP on the aforementioned machines.

In this light, it becomes important to also mention previous research done specif-
ically for optimizing task-layout on these two machines. Bhanot et. al [19] propose a
general method for optimizing task layout on the Blue Gene/L machine and present
results for two applications, SAGE and UMT2000 on up to 2,048 nodes. Another
interesting study by Weisser et. al [9] studies the performance impact of fragmen-

tation of the Cray XT3 machine by the resource allocator.
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Objects in Charm-++

CHARM++ [2, 3, 20, 21] is an object-oriented parallel programming framework. It
includes a programming language based on C++ and an adaptive runtime system.
CHARM++ is based on the idea of virtualization. Virtualization is the idea of divid-
ing the problem into multiple virtual processors (VPs) which are mapped to physical
processors (PEs) by an intelligent runtime system. The number of VPs is typically
much larger than the number of PEs (which makes the degree of virtualization
greater than one).

In the CHARM++ programming model, decomposition of the problem is left to
the programmer; mapping and communication are handled by the runtime system
(RTS). The programmer decomposes the problems into objects and models commu-
nication between them as remote method invocations. Method invocation on objects
on other processors is translated into messages by the RTS. Figure 3.1 shows the
programmer’s and system’s view of a program being executed by the CHARM++
RTS. The user is concerned only with objects and dependencies between them. The

RTS translates these dependencies into messages between objects which are on dif-

)

User View Runtime System View

Figure 3.1: Programmer’s and System’s view of the same program under execution
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ferent processors. When a remote method is invoked in CHARM++ (referred to as
an “entry method”), the RTS sends a message to the concerned processor. Each
processor has a queue into which this message gets queued and is executed when
this message is processed by the scheduler. Thus, CHARM-++ is an asynchronous

message-driven message-passing model.

3.1 Chares and Arrays

The two most important kinds of objects in CHARM++ are called Chares and Chare
Arrays. A Chare is the basic unit of computation in CHARM~++. It can be created
on any processor and accessed remotely (through entry methods). A Chare Array is
a collection of chares indexed by some index type. They can be considered similar to
any other arrays we come across in programming languages. We will refer to them
as chare arrays, CHARM++ arrays or simply arrays interchangeably. Each element
of a chare array is called an array element. CHARM~++ supports 1-dimensional (1D)

to 6-dimensional (6D) arrays.

3.2 Dynamic Mapping Framework

It is important to understand how chares and chare arrays are mapped by the
RTS during a run. CHARM++ does a default mapping of chares and chare arrays
to processors. For 1D arrays, it does a round-robin mapping while for 2D to 6D
arrays, it calculates a hash function using the indices and takes the remainder of
division with a big prime number (specifically, 1280107).

CHARM++ provides the user with the flexibility to decide his own mapping for
an array of chares and pass it on to the RTS before array creation. The user needs

to inherit from the CkArrayMap class and override the virtual function “procNum”
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which is called by the RTS when it is looking for the processor on which a particular
object resides. This map can be passed to the RTS when calling the constructor for

array creation.

3.3 Topology Interface in Charm++

Apart from the mapping interface, we also need information about the topology
of the machine. We need information like the dimensions of the 3D mesh/torus,
whether we have a torus (wraparound) in each dimension and functionality to get
coordinates on the torus for a processor rank and vice-versa. This was implemented
for Blue Gene/L for specific research in [22, 23], On Blue Gene/L, this information
is available in a data structure called “BGLPersonality” and can be accessed using
some system calls.

With multiple machines coming up with similar topologies, a need was felt to
make this interface more user-friendly and to hide machine-specific details from
the user. So, we implemented an API which provides the application with simple
calls to obtain information about the topology of the machine without having to
worry about the particular machine. This API now gives meaningful information
on Blue Gene/L, Cray XT3 and Blue Gene/P. The implementation details about

this interface can be found in Appendix C.

3.3.1 Cray XT3

Obtaining topology information is not straightforward on Cray XT3. There are no
system calls which can provide information about the dimensions of the partition
which has been allocated during a run. With help from technical support at Pitts-
burgh Supercomputing Center (PSC), we derived this information in several steps.

Every node on the XT3 has a unique node ID. A static routing table is available

14



on the machine which has the physical coordinates and neighbors for every node.
The CHARM++ RTS reads this file during program start-up. To get the physical
coordinates corresponding to a processor rank, we obtain the node ID for the rank
through a system call and then get the coordinates from the routing table. Once we
have the coordinates for all processors in an allocation, we can get the dimensions

of the torus by looking at its diagonally opposite corners.

3.4 3D Jacobi

We begin with the first application which has been used in this thesis to demonstrate
the benefit from topology-aware mapping. 3D Jacobi is an implementation of a 3-
dimensional 7-point stencil in CHARM—++. We have a three dimensional array of
doubles. All elements are initialized with non-zero values. In every iteration, each
element of the array updates itself by computing the average of its six neighbors
(two in each dimension) and itself.

To parallelize the computation using CHARM-++4-, we create a 3D chare array.
Each element of this chare array is responsible for the computation of some contigu-
ous elements of the data array. The data array is divided into smaller 3D partitions
and nearby elements on the chare array get nearby 3D boxes (Figure 3.2). These
chares communicate with their neighbors to exchange the updated data on the

boundaries. Let us now see the mapping of these chares onto processors.

3.4.1 Topology Aware Mapping

The CHARM-++ runtime does the mapping of virtual processors to physical proces-
sors by default. Henceforth, we will refer to this mapping as the naive or default
mapping. The RTS has no knowledge of the topology of the machine by itself and

so its mapping is totally oblivious to the communication in the application and the
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Figure 3.2: Topology-aware mapping of 3D Jacobi’s data array onto the 3D processor
grid. Different colors (shades) signify which chares get mapped to which processors
topology of the machine.

3D Jacobi has a fairly simple communication pattern. Each chare object talks
to its six neighbors (two in each dimension) to exchange the boundary elements.
If we can place these objects on the same or nearby processors, we can minimize
the distance travelled by each message. The idea is to divide the 3D chare array
into equal-sized boxes and then map those to corresponding processors on the 3D
torus (Figure 3.2). Let us take a concrete example: say, we have a data array of
size 512% and the size of the torus is 8 (which gives us 512 processors). Let each
chare get a partition of size 16% from the data array which gives us 5123/163 = 323
chares. Now we need to map a 3D chare array of size 322 on a torus of dimensions
83. Hence each processor gets 5123/16% = 43 = 64 chares. We start from one end
of the chare array and place partitions of size 4% on each processor considering the
topology of the machine. The mapping is similar to superimposing a 3D object over
another. The different shades in the figure show how the data array gets mapped

to the torus.
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Figure 3.3: Hop-count measurement for 3D Jacobi running on Blue Gene/L (using
one processor per node)

3.4.2 Evaluation of Mapping Strategies

Using the topology mapping we discussed above, running on 8,192 processors of
Blue Gene/L, we get nearly 7.5 times improvement in performance compared to the
naive mapping. Also, the default mapping does not scale very well as we increase
the processor count but topology-aware mapping scales beautifully. We will discuss
more about the performance improvement in Section 6.1.

To measure the improvement analytically, we need to quantify the reduction in
hop-bytes. Since the size of each message in this application is same, so we can look
at the hop-counts and still get the same idea. For each run, we calculate the total
hops travelled by all messages in one iteration. Figure 3.3 shows the hop-counts for
running the application on 512 to 8,192 processors of the Blue Gene/L machine. We
get a 8 to 9 times improvement in the hop-count in general and at 8,192 processors
the hop-count is reduced by 14 times compared to the naive mapping. This can be
attributed to the size of torus becoming large enough (16 x 32 x 16) at this point

that it makes a huge difference between a random mapping which throws objects
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all over the torus and a topology-aware mapping.

For the topology scheme used above, it is fairly easy to calculate the number of
hops mathematically. Let us say, we have a chare array of size N3 and processor
torus of size P3. This gives a chare array of size N3/P? = C® on each processor.
Within this C' x C' x C' box of chares, the only chares that communicate externally
are the ones on the surface (on the faces, edges and corners). Each processor sends
one message per chare on the face, one more for the chares on the edges and a third
one for the chares on the corners. Hence total number of messages per processor
= (C=2)%(C—2)*6+ (C —2)*8%2+8x3a. For the example above, we have 32°
chares on 8% processors which means 4% chares per processor. Thus each processor
has a box of 4 x 4 x 4 chares. Hence number of messages sent by each processor
every iteration is 4 X 6+2 x 8 x 2+8 x 3 = 80. This gives a total of 512 x 80 = 40960

hops per iteration.
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LeanCP and Regular
Communication

An accurate understanding of phenomena occurring at the quantum scale can be
achieved by considering a model representing the electronic structure of the atoms
involved. The Car-Parrinello ab initio Molecular Dynamics (CPAIMD) method [24,
25, 26, 27| is one such algorithm which has been widely used to study systems con-
taining 10 — 10% atoms. The implementation of CPAIMD in CHARM-+ is called
LEANCP [6, 7] (a.k.a. OpenAtom, which is the name it will bear after its produc-
tion release). To achieve a fine-grained parallelization of CPAIMD, computation in
LEANCP is divided into a large number of virtual processors which enables scaling to
tens of thousands of processors. We will look at the parallel implementation of this
technique, understand its computational phases and the communication involved

and then analyze the benefit from topology-aware mapping of its objects.

4.1 Parallel Implementation

In an ab-initio approach, the system is driven by electrostatic interactions between
the nuclei and electrons. Calculating the electrostatic energy involves computing
several terms: (1) quantum mechanical kinetic energy of non-interacting electrons,
(2) Coulomb interaction between electrons or the Hartree energy, (3) correction
of the Hartree energy to account for the quantum nature of the electrons or the
exchange-correlation energy, and (4) interaction of electrons with atoms in the sys-
tem or the external energy. Hence, CPAIMD computations involve a large number

of phases (Figure 4.1) with high interprocessor communication. These phases are
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Figure 4.1: Flow of control in LEANCP

discretized into a large number of virtual processors which generate a lot of com-

munication, but ensures efficient interleaving of work. The various phases are:

e Phase I: In this phase, the real-space representation of the electronic states
is obtained from the g-space representation through a transpose based 3-

dimensional Fast Fourier Transform (FFT).

e Phase II: Electron density in real-space is obtained via reductions from the

real-space state representation.

e Phase III: Fourier components of the density in g-space are created from the

corresponding copy in real-space through a 3D FFT.

e Phase I'V: Once we have the g-space copy, it is used to compute the “Hartree
and external energies” via multiple 3D FFTs which can be performed inde-

pendently.

e Phase V: The energies computed in the previous phase are reduced across all

processors and send to the corresponding planes of the different states through
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multicasts. This is exactly reverse of the procedure used to obtain the density

in phase II.

e Phase VI: In this phase, the forces are obtained in g-space from real-space

via a 3D FFT.

e Phase VII: For functional minimization, force regularization is done in this
phase by computing the overlap matrix Lambda (A) and applying it. This

involves several multicasts and reductions.

e Phase VIII: This phase is similar to Phase VII and involves computation
of the overlap matrix Psi (V) and its inverse square root (referred to as the
S — T process) to obtain “reorthogonalized” states. This phase is called

orthonormalization.

e Phase IX: The inverse square matrix from the previous phase is used in a
“backward path” to compute the necessary modification to the input data.
This again involves multicasts and reductions to obtain the input for phase I

of the next iteration.

e Phase X: Since Phase V is a bottleneck, this phase is interleaved with it
to perform the non-local energy computation. It involves computation of the
kinetic energy of the electrons and computation of the non-local interaction

between electrons and the atoms using the EES method [28].

For a detailed description of this algorithm please refer to [7]. We will now
proceed to understand the communication involved in these phases through a de-

scription of the various chare arrays involved and dependencies among them.
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4.2 Communication in LeanCP

The ten phases described in the previous section are parallelized by decomposing
the physical system into 15 chare arrays of different dimensions (ranging between
one and four). A description of these objects and communication between them

follows:

1. GSpace and RealSpace: These represent the g-space and real-space rep-
resentations of the electronic states. They are 2-dimensional arrays with
states in one dimension and planes in the other. They are represented by
G(s,p) [ns x Ny| and R(s,p) [ns x N| respectively. GSpace and RealSpace
interact through transpose operations in Phase I and hence all planes of one
state of GSpace interact with all planes of the same state of RealSpace. Re-

alSpace also interacts with RhoR through reductions in Phase II.

2. RhoG and RhoR: They are the g-space and real-space representations of
electron density and are 1-dimensional (1D) and 2-dimensional (2D) arrays
respectively. They are represented as G,(p) [Ny,] and R,(p,p’) [(N/N,) x N,].

RhoG is obtained from RhoR in Phase III through two transposes.

3. RhoGHart and RhoRHart: RhoR and RhoG are used to compute their
Hartree and exchange energy counterparts through several 3D FFTs (in Phase
IV). This involves transposes and point-to-point communication. RhoGHart
and RhoRHart are 2D and 3D arrays represented by Gug(p,a) [Nyug X

natomftype} and RHE(p7p,7 a) [(14N/Ny) X Ny X natomftype]-

4. Particle and RealParticle: These two 2D arrays are the g-space and real-
space representations of the non-local work and denoted as G,(s,p) [ns x Ny|
and Ry, (s,p) [ns x 0.7N]. Phase X for the non-local computation can be

overlapped with Phases II-VI and involves communication for two 3D FFTs.
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5. Ortho and CLA_Matrix: The 2D ortho array, O(s,s’) does the post-
processing of the overlap matrices to obtain the T-matrix from the S-matrix.
There are three 2D CLA_Matrix instances used in each of the steps of the
inverse square method (for matrix multiplications) used during orthonormal-
ization. In the process, these arrays communicate with the paircalculator chare

arrays mentioned next.

6. PairCalculators: These 4-dimensional (4D) arrays are used in the force reg-
ularization and orthonormalization phases (VII and VIII). They communicate
with the GSpace, CLA_Matrix and Ortho arrays through multicasts and reduc-
tions. They are represented as Pe(s, s, p, p’) of dimensions N; X Ny x Ny x Ny.
A particular state of the GSpace array interacts with all elements of the pair-

calculator array which have this state in one of its first two dimensions.

7. Structure Factor: This is a 3D array used when we do not use the EES

method for the non-local computation.

4.3 Topology Aware Mapping

LEANCP provides us with a scenario where the load on each virtual processor is
static (under the CPAIMD method) and the communication is regular and clearly
understood. Hence, it should be fairly straightforward to intelligently map the
arrays in this application to minimize inter-processor communication and keep load
balanced. As discussed in Chapter 3, CHARM+-+ does a default mapping of objects
(elements of chare arrays) to processors. Let us see how we can do better than the
default mapping by using the communication and topology information at runtime.
We begin with the two most important arrays in LEANCP which represent electronic

states in g-space and real-space.
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Figure 4.2: Mapping of different arrays to the 3D torus of the machine

4.3.1 Mapping GSpace and RealSpace Arrays

GSpace and RealSpace are 2D arrays with states in one-dimension and planes in the
other. These arrays interact with each other through transpose operations where all
planes of one state in GSpace, G(s, *) talk to all planes of the same state, R(s, *) in
RealSpace (state-wise communication). GSpace also interacts with symmetric and
asymmetric PairCalculators. Each plane of GSpace, G(x, p) interacts with the corre-
sponding plane, P(x, x, p, *) of the PairCalculators (plane-wise communication). So,
GSpace interacts state-wise with RealSpace and plane-wise with PairCalculators. If
we place all the planes of GSpace together (on nearby processors), we favor one
communication but disregard the other. Likewise, if we place all states of GSpace
together, we favor the other communication. To strike a balance between the two

extremes, we use a hybrid map, where we place a subset of planes and states on one
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processor.

We start with laying out the GSpace array on the torus and then map other
objects based on GSpace’s mapping. The 3D torus is divided into rectangular boxes
(which we will refer to as “prisms”) such that we get prisms equal in number to the
planes in GSpace. The longest dimension of the prism is chosen to be the same as
one of the dimensions of the torus. Within each prism for a specific plane, the states
in G(*, p) are laid out in increasing order along the long axis of the prism. Figure 4.2
shows the GSpace chares at the bottom being mapped along the long dimension of
the torus in the center. Once GSpace is mapped, we place the RealSpace chares.
We come up with prisms perpendicular to the GSpace prisms which are formed by
including processors holding all planes for a particular state of GSpace, G(s, *). The

corresponding states of RealSpace, R(s, *) are mapped on to these prisms.

4.3.2 Mapping of Density Objects

RhoR objects communicate with RealSpace plane wise and hence R,(p, *) have to
be placed close to R(x,p). To achieve this, we start with the centroid of the prism
used by R(x,p) and place RhoR chares in proximity to it. RhoG chares, G,(p) are
mapped near RhoR chares, R,(p,*) but not on the same processors as RhoR to

avoid bottlenecks.

4.3.3 Mapping PairCalculator Arrays

Since PairCalculator and GSpace chares interact plane-wise, the effort is to place
G(x,p) and P(x*,%,p,*) together. Chares with indices P(sl,s2,p,p’) are placed
around the centroid of G(s1, p), ..., G(sl+sgrain, p) and G(s2,p), ...., G(s2+sgrain, p).

This minimizes the hop-count for orthonormalization input and output.
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The mapping schemes discussed above substantially reduce the hop-count for dif-
ferent phases. They also restrict different communication patterns to specific prisms
within the torus, thereby reducing contention and ensuring balanced communica-
tion through out the torus. State-wise and plane-wise communication is confined to
different (orthogonal) prisms. This helps avoid scaling bottlenecks as we will see in

Section 6.2.
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NAMD and Multicasts

Understanding biomolecular systems has been aided by the development of molec-
ular dynamics applications for simulation of biomolecular reactions. NAMD [4, 5,
29, 30] is a molecular dynamics code which is widely used for molecular dynamics
simulations. It was written using CHARM+-+about ten years ago and has performed
well on a variety of machines and molecular systems. With the emergence of large
supercomputers, further optimizations have become necessary to scale NAMD to
tens of thousands of processors. Since the molecular system is a simulation box
with spatial coordinates for each atom, it should be possible to do a topological

placement of the atoms to minimize communication. Lets us look at how this is

done in NAMD.

5.1 Parallel Implementation

Classical Molecular Dynamics (MD) requires the calculation of forces due to bonds
and non-bonded forces (which include electrostatic and Van der Waal’s forces).
For parallelization, NAMD does a hybrid of spatial and force decomposition to
combine the advantages of both [31]. The simulation box is divided into patches
each containing a few atoms. For every pair of interacting patches, we create a chare
(called a compute) which is responsible for calculating the pairwise forces between
the patches. There are different kinds of computes depending on the forces they
calculate: bonded (angles, dihedrals, crossterms etc.) and non-bonded computes.

The number of patches is considerably less than the number of computes. The
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Figure 5.1: Communication between patches and other objects in NAMD

computational work associated with bonded computes is also less compared to non-
bonded computes.

Mapping decisions are made in NAMD considering the facts mentioned above.
Patches and bonded computes are non-migratable chares which means they do not
move from their home processor once assigned. Non-bonded computes on the other
hand are migratable and can be moved around during load balancing. NAMD
benefits greatly from the adaptive overlap of communication and computation and
the load balancing framework of CHARM4+. We will analyze this in detail in the

subsequent sections and see how topological considerations help at some places.

5.2 Communication in NAMD

The bonded forces and Van der Waals’ component of the non-bonded forces are
computed by the bonded and non-bonded computes respectively. Each compute is
responsible for calculating the force between a pair of patches and hence receives
a message each from them. The patches on the other hand have to send the same
information to multiple computes, one each for the patches that they communicate

with. Hence the patches multicast their data to their computes and receive forces
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back via reductions (Figure 5.1). To avoid sending the same data to a processor
twice (if a patch interacts with two computes on that processor), NAMD has the
idea of “proxies”. If a patch interacts with one or more computes on a processor,
it has a proxy on that processor to which it sends the data. The proxy sends the
data to the computes internally within the processor. The long-range electrostatic
forces are computed using the Particle Mesh Ewald (PME) method. This requires
the patches to send messages to the PME grid and receive the forces back. Once
all forces are received, they are integrated and the atoms migrated to their new

positions.

5.2.1 Topological mapping of patches

For large processor runs, the number of patches is considerably less than the number
of processors. On a machine like Blue Gene/L, it is possible to place interacting

patches and their computes close to one another. The patches are non-migratable
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and we need to decide an initial static mapping for them. Ideally, we would like to
place the patches maximally away so that the simulation box occupies the whole
torus and then place the computes between them.

A strategy to divide the simulation box and place it on the 3D torus of Blue
Gene/L is discussed in [22, 23]. An orthogonal recursive bisection (ORB) is done on
the 3D torus until we get partitions equal to the number of patches. Then we map
the spatially divided simulation box onto the processor partitions. Figure 5.2 shows
the mapping of patches, bonded and non-bonded computes on to the 3D torus. This
scheme has now been made general using the topology interface in CHARM++ and
can now be used on any machine with topology information.

Once the patches are mapped, the non-migratable bonded computes are placed
with no topological consideration. Non-bonded computes are also placed likewise.
But these create load imbalance and hence are reshuffled soon within a major load

balancing step. We discuss the NAMD load balancers next.

5.3 Load Balancing

NAMD depends heavily on the load balancing framework provided by CHARM—++
for good performance. Computational load in NAMD is persistent across iterations
and hence, load information from previous iterations can be used in future iterations.
Every few hundred or thousand iterations, a few iterations are instrumented and the
load information from these steps is used during the load balancing step to unload
the overloaded processors.

There are two major load balancers at work in NAMD. The first one is a com-
prehensive load balancer which considers every compute and processor and assigns a
mapping for all the computes. This leads to movement of a lot of computes. This is

called only once, right after start-up. The second one is a refinement load balancer
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which considers only overloaded processors and tries to move computes away from
them. This is done every few hundred or thousand steps. Both load balancers use
a greedy strategy for load balancing. They pick the heaviest compute (or a random
compute on the heaviest processor) and try to place it on an underloaded processor.
An underloaded processor is one whose load is below the average load multiplied by
an overload factor (decided empirically).

In order to minimize communication and achieve load balance together, the load
balancers try to minimize the addition of new proxies. Hence, considering all the
eligible underloaded processors, they come up with a choice table (Figure 5.3). The
best choice is to place the compute on a processor which has two proxies, one each
for its two patches; otherwise on a processor with a patch and a proxy, or with
both the patches; if such a processor does not exist, then on one with at least one
proxy or one patch and so on ... If we cannot find a processor with any of these
choices, then we place it on the least overloaded processor we can find. The following
metrics help evaluate the performance of a load balancer in NAMD: (1) Maximum
load on any processor should be close to the average load, (2) Maximum number of
proxies for a patch should be reasonable, (3) Performance should be good, and (4)
On a machine with topology information, we can also aim at reducing the number
of hops which messages have to travel. That is the focus of our work in this thesis.

We shall now look at the modifications to the NAMD load balancers to introduce

31



3D Torus

\

Outer
Brick

\

Patch 1

Inner Brick

Patch 2

Figure 5.4: Topological search for a underloaded processor in the 3D torus

topology-awareness in them.

5.3.1 Topology-aware decisions

During load balancing, when we are trying to find a processor to place the compute
on, we can consider the topology of the machine. This can help to reduce the
distance between the patches and the proxies they communicate with. If we are
unable to find a processor with even one proxy or patch to place the compute on,
then we need to create new proxies. In such a case, it is best to create proxies on a
processor such that the sum of the distance (in terms of hops) from its two patches
is minimized.

To ensure this, we find the coordinates of the two processors which host the
patches with which the given compute interacts. We then try to find a processor
within the region enclosed by these two processors (see Figure 5.4) on the torus. For
any point within this region (which we call the inner brick), the sum of distances

from the two patches (at the corners) is same. Hence we try to find the least
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overloaded processor within this brick.

If we fail, then we need to try the rest of the torus (called the outer brick). We
spiral around the inner brick on the outside and try to find the first underloaded
processor we can. As soon as we find one, we place the compute on it. We will see
in Section 6.3, the benefit from this optimization in terms of reduction in hop-bytes

and better performance.
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Results

In this chapter, we discuss and analyze the results of the schemes developed in the
previous chapters for topology sensitive mapping and load balancing for different
applications. Results are presented for 3D Jacobi, LEANCP and NAMD on up to
16,384 processors of Blue Gene/L and 2,048 processors of Cray XT3.

A brief description of the two machines follows:

e IBM’s Blue Gene/L: The Blue Gene/L machine at IBM T J Watson (re-
ferred to as the “Watson BG/L”) has 20,480 nodes. Each node contains two
700 MHz PowerPC 440 cores and has 512 MB of memory shared between the
two. The nodes on Blue Gene/L are connected into a 3D torus. We used the
Watson BG/L for most of our runs. Blue Gene/L can be run in two modes:
co-processor or CO mode where we just use one processor per node for the
computation and virtual node or VN mode where we use both processors per

node.

e Cray’s XT3: BigBen at Pittsburgh Supercomputing Center (PSC) has 2,068
compute nodes each of which has two 2.6 GHz AMD Opteron processors. The
two processors on a node share 2 GB of memory. The nodes are connected
into a 3D torus by a custom SeaStar interconnect. We do not get a contiguous
allocation of processors on XT3 if we use the default queue. We had to take
help from the PSC staff to set up a reservation to get a mesh of 8 x 8 x 16

which is 1,024 nodes and 2,048 processors.
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8x8x8 16 x 16 x 16 32 x 32 x 32
Processors || Naive \ Topology || Naive \ Topology || Naive \ Topology
512 128.93 67.00 44.22 28.78 33.55 20.60
1024 69.41 34.02 22.59 15.17 19.50 11.17
2048 35.59 19.03 13.22 8.09 10.86 5.92
4096 20.07 11.58 7.44 4.38 14.22 2.25
8192 13.99 6.95 7.52 2.39 9.95 1.33

Table 6.1: Performance of 3D Jacobi on Blue Gene/L (CO mode) for different
decompositions (Problem Size: fixed at 512 x 512 x 512). The numbers are time in
seconds for 1000 iterations.

8x 88 16 x 16 x 16 32 x 32 x 32
Processors | Naive \ Topology || Naive \ Topology || Naive \ Topology
512 128.77 66.77 44.38 28.85 33.56 20.59
1024 139.94 68.88 45.45 29.12 38.44 20.61
2048 143.69 73.01 46.40 29.67 33.98 20.68
4096 178.35 93.51 55.50 33.99 34.13 20.62
8192 239.25 150.35 120.02 48.08 113.88 21.10

Table 6.2: Performance of 3D Jacobi on Blue Gene/L (CO mode) for different
decompositions (Problem Size: variable from 512 x 512 x 512 to 1024 x 1024 x 1024).
The numbers are time in seconds for 1000 iterations.

6.1 3D Jacobi

Static topology mapping of 3D Jacobi performs very well because of the same num-
ber of dimensions of the data and the torus. Communication is regular and all
messages are of equal size. Each chare has the same amount of computation and

hence the problem is completely load balanced too.

6.1.1 Performance on Blue Gene/L

We tried various experiments with 3D Jacobi to see the effects of virtualization
(number of chares), effect of naive vs. topology-aware mapping and effect of CO
vs. VN mode. Tables 6.1 and 6.2 present the performance on Blue Gene/L in CO

mode for different problem sizes and decompositions. We tried three different sizes
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Figure 6.1: Performance of 3D Jacobi on Blue Gene/L (CO mode)

of chares: each containing 8 or 163 or 32% elements of the data array. Table 6.1
shows the time taken for 1000 iterations of 3D Jacobi for a fixed problem size of
5123. Size of the chares decided the number of chares per processor and in total.
Chare size of 8 gives us 8 = 512 chares per processor for a 512-processor run
which is on the higher side. Chare size of 322 gives us 8 chares per processor which
is more reasonable. For the naive mapping, the performance at the 8K point for 163
decomposition and 4K point for 323 decomposition is dismal because we are left with
just one chare per processor which leaves no room for overlap between computation
and communication. This leaves the chares waiting for messages to arrive. This is
not a bottleneck in the case of topology mapping because the messages are only one
hop away. Hence, we see almost perfect scaling for topology mapping (for 323 chare
size) up to 8K processors (efficiency of 96.8 %).

Table 6.2 shows weak-scaling for the problem where we doubled the problem size
(doubling one dimension of the data array each time) as we doubled the number
of processors. Here we have the same number of chares across all processor runs

for a given decomposition. The number of chares per processor for 8, 163 and 323

36



3D Jacobi with block size 32 x 32 x 32

800,000
700,000
600,000
500,000

400,000

Hop—count

300,000
200,000

100,000

B Naive
"""""" [1 -Topology

Figure 6.2: Hops for 3D Jacobi on Blue Gene/L (CO mode)
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Performance Hop-count
Processors || Naive \ Topology | Naive \ Topology
512 98.96 44.95 204180 24576
1024 58.81 23.74 222916 26624
2048 46.43 13.75 274384 30720
4096 19.38 8.32 356600 38912
8192 32.95 4.79 668904 77824
16384 13.36 2.30 1118128 96256

Table 6.3: Performance and hop-counts for 3D Jacobi on Blue Gene/L (VN mode)
for block size 32 x 32 x 32 (Problem Size: fixed at 512 x 512 x 1024). The numbers

are time in seconds for 1000 iterations.

decompositions is 512, 64 and 8 respectively. The huge number of chares being
mapped all over the machine for the naive mapping accounts for the unreasonably
high times for 8K runs. It can be observed that the highly effective topology mapping
for the 323 chare size leads to similar times for all processor runs. Performance
data and hop-counts for the 323 decomposition is plotted in Figures 6.1 and 6.2

respectively. Topology mapping leads to a reduction in hops by 8 to 14 times for

different processor runs, as noted earlier.

Table 6.3 shows the performance of 3D Jacobi for the most reasonable chare size
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16 x 16 x 16 32 x 32 x 32
Time Hop-count Time Hop-count
Procs| N | T N | T N | T N | T
256 34.88 | 22.63 | 802744 | 53248 | 21.06 | 16.65 | 102484 | 13312
512 18.14 | 12.50 | 1036388 | 69632 || 13.08 | 8.98 | 132584 | 17408
1024 9.13 | 7.20 | 1221812 | 86016 || 8.75 | 5.31 | 153600 | 21504
2048 540 | 5.65 | 1404928 | 118784 || 4.16 | 4.42 | 176196 | 29696

Table 6.4: Performance and hop-counts for 3D Jacobi on Cray XT3 for different
decompositions (Problem Size: fixed at 512 x 512 x 512). N stands for naive and
T stands for topology-aware mapping. The numbers are time in seconds for 1000
iterations.

16 x 16 x 16 32 x 32 x 32
Time Hop-count Time Hop-count
Procs| N | T N | T N T N | T

256 17.44 | 11.99 | 403764 | 40960 | 14.39 | 8.51 | 52252 | 10240
512 18.14 | 12.50 | 1036388 | 69632 || 13.08 | 8.98 | 132584 | 17408
1024 || 18.87 | 13.04 | 2423272 | 143360 || 12.81 | 9.51 | 308756 | 35840
2048 || 20.79 | 15.00 | 5571796 | 294912 || 13.19 | 10.96 | 696924 | 73728

Table 6.5: Performance and hop-counts for 3D Jacobi on Cray XT3 for different
decompositions (Problem Size: variable from 512 x 512 x 256 to 1024 x 512 x 1024).
N stands for naive and T stands for topology-aware mapping. The numbers are
time in seconds for 1000 iterations.

of 32% on Blue Gene/L in VN mode. Here we use both processors on each node and
use a fixed problem size of 512 x 512 x 1024. Also included are hop-counts which
validate the benefit achieved by topology mapping compared to naive mapping.

Plots showing the same data can be found in Appendix A.

6.1.2 Performance on Cray XT3

BigBen at PSC was used in dedicated mode for these results to get a contiguous
allocation of processors. We did not use the whole machine and for any processor
counts less than the full machine, the network of XT3 is not a complete torus in
all directions. So the results are for a 3D topology with a torus in some dimensions

and mesh in others.
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Experiments similar to Blue Gene/L were repeated on Cray XT3 to test our
mapping schemes and the topology interface written in CHARM~++ for XT3 (which
was being tested for the first time). We did not do the 8 chare size experiments
because it creates a huge number of chares which is not the best choice for the degree
of virtualization. Tables 6.4 and 6.5 show performance numbers for strong and weak
scaling for 256 to 2,048 processors. The maximum improvement in performance is
only 1.7 times compared to 7.5 times on Blue Gene/L. This might be attributed to
the more efficient interconnect of XT3.

But the story of hop-counts is exactly similar to that of Blue Gene/L. We get a
reduction of up to ten times in the hop-count. It is worth noting that in Table 6.4
at 2,048 processors, there is no improvement; in fact there is a slight slow down
with topology mapping. Since it is difficult to get dedicated time on this machine,
we have not been able to analyze this further. We do not see similar problems in
Table 6.5, so a possibility is that this might be because of the few chares we have

per processor on 2K processors. Appendix A shows the same data in plots.

6.2 LeanCP

We now showcase the benefits of topology mapping on the first real application used
for our tests. Liquid water was used as a test case due to the importance of aqueous
solutions in biophysics. The two water systems considered consist of 32 and 256
water molecules respectively. The g-space spherical cutoff for the two systems is
70 Ry which is why they are called WATER_32M_70Ry and WATER_256M_70Ry
respectively.

Tables 6.6 and 6.7 compare the performance of naive vs. topology mapping on
Blue Gene/L for CO and VN modes respectively. For WATER _32M _70Ry, topology

mapping helps overcome the communication bottlenecks at 2K processors in CO
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WATER _32M _70Ry | WATER _256M _70Ry

Processors | Naive \ Topology Naive \ Topology
512 0.274 0.259 - -

1024 0.189 0.150 19.10 16.4
2048 0.219 0.112 13.88 8.14
4096 0.167 0.082 9.13 4.83
8192 0.129 0.063 4.83 2.75
16384 - - 3.40 1.71

Table 6.6: Performance of LEANCP on Blue Gene/L (CO mode). The numbers
represent time per step in seconds.

WATER _32M _70Ry | WATER _256M _70Ry
Processors Na'l've\ Topology Na'l've\ Topology

1024 0.207 0.174 - -

2048 0.296 0.130 18.54 18.14
4096 0.189 0.082 10.61 5.10
8192 0.189 0.067 7.27 3.48

Table 6.7: Performance of LEANCP on Blue Gene/L (VN mode). The numbers
represent time per step in seconds.

mode. Performance is consistently twice as good as the naive mapping from 2K to
8K processors. In VN mode, performance at 8K processors is three times better.
WATER_256M_70Ry also shows similar improvements in timings with performance
being two times better for large processor runs. Plots showing the same data for
the two systems can be found in Appendix B.

To validate the benefits of topology mapping for LEANCP, we use the perfor-
mance analysis tool in CHARM~++, called Projections [32]. This tool helps us visu-
alize the average number of hops per entry method and per processor. Figures 6.3
and 6.4 show the average hop-bytes per processor for the naive and topology map-
ping. Both runs used the WATER _32M_70Ry benchmark and 2,048 processors of
Blue Gene/L in CO mode. As we can see, the average hop-count per processor for
the topology case is 7 compared to 9 for the default case. Also, communication

is much more uniform in the case of topology aware mapping which balances the
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CO Mode VN mode
Processors | Naive \ Topology | Naive \ Topology
512 202.39 150.10 - -
1024 437.01 316.29 505.34 434.62
2048 776.79 514.13 813.06 512.25
4096 1672.93 | 1193.04 1435.57 | 1155.41
8192 - - 2910.08 | 2290.12

Table 6.8: Reduction in hop-bytes for 3D NAMD on Blue Gene/L (Bench-
mark:ApoAl)

CO Mode VN mode
Processors | Naive \ Topology | Naive \ Topology
512 374.94 374.62 - -
1024 570.47 570.53 484.54 484.06
2048 1161.59 549.35 710.99 711.31
4096 3933.59 | 2274.28 1335.08 | 1363.08
8192 - - 6544.91 | 3822.21

Table 6.9: Reduction in hop-bytes for 3D NAMD on Blue Gene/L (Benchmark:F;-
ATPase)

communication load on each processor and on the network links.

6.3 NAMD

Performance of NAMD was measured for two molecular systems called Apolipoprotein-
Al (ApoAl) and Adenosine Triphosphate Synthase (F1-ATPase) containing 92,224
and 327,506 atoms respectively. Both benchmarks use a 12 A cutoff and 1 fem-
tosecond time-step. The size of the simulation box in A for the two systems is
108.86 x 108.86 x 77.76 and 178.30 x 131.54 x 132.36.

Table 6.8 shows the reduction in hop-bytes as a result of topology-aware mapping
of patches and topology-aware load balancing of computes for ApoA1l. The numbers
given are hop-bytes in MB per iteration added across all processors for all the

multicast messages. We get nearly 30% improvement (reduction in hop-bytes) at
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4K processors in CO mode. Likewise at this point, we also get an improvement in
time-step per iteration from 4.68 to 3.88 milliseconds (ms).

Similar numbers for the F;-ATPase system are presented in Table 6.9. There is
a reduction in hop-bytes of more than 40% using the topology-aware load balancers
at 4K processors. Better performance of the load balancers compared to ApoAl
might be because F1-ATPase has four times the number of patches and three times
the number of computes compared to ApoAl. A better mapping for a larger system
means more reduction in the hop-bytes. Using 8k processors, in VN mode, we get
a performance improvement from 9.3 to 7.83 ms per step. For lower processor runs,
the improvement is not as much which still needs to be investigated (This work is

still in its early stages).

From the results presented in this chapter, it is quite obvious that topology
awareness can yield enormous benefits to some applications. We just need to un-
derstand the communication patterns of the application and the topology of the
machine being used. In the next chapter, we will look at generalizing some of the

techniques to make them useful to other applications.
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Future Work and Conclusion

In this thesis, we have focused on specific parallel applications and analyzed the
benefit from topology-aware mapping. The approach has been to understand the
parallel implementation and the communication characteristics of the application.
Based on the communication graph, we have tried to place communicating objects
on nearby processors on a 3D mesh or torus topology. The two different places where
we have done this are: 1. defining a static mapping during start-up as in the case of
3D Jacobi and LEANCP, and 2. modifying the load balancers to take the topology
of machine into account (as in NAMD). So, our effort has been concentrated on a
few specific applications and a 3D mesh or torus topology. We shall now discuss
future efforts to make these ideas more general so that they can be used by other

applications on diverse topologies.

7.1 Generalized Topology Sensitive Mapping

We were quite successful in mapping different chare arrays in LEANCP by con-
sidering their communication dependencies. We wish to extend this idea to do
this for any application with regular communication. Given the communication
dependencies between chare arrays and the topology, the CHARM++ RTS should
automatically do an intelligent mapping. This would remove the burden of mapping
from the user and give optimized performance compared to a random mapping.

A more general idea is to successfully do this for any arbitrary communication

graph and topology. This has been proved to be NP-complete by Bokhari [10].
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Hence the effort would be towards development of heuristics which perform well for
most scenarios. This would useful for problems with regular communication like

Jacobi, Matrix multiplication and FFTs.

7.2 Load Balancers for Section Multicasts

Multicasts in NAMD are a very special case. All patches send the same data to
their multicast targets and each multicast target (compute) receives data from only
two patches. In general, a target can receive messages from any number of multicast
roots.

We plan to build upon the algorithms developed in the NAMD load balancers
to do this for a more general case. We wish to write a load balancer within the
CHARM++ load balancing framework which considers generic multicasts and the
topology of the machine. Since it would be within the CHARM++ framework,
other applications will also be able to use it. This can be used by applications like

cosmology (ChaNGa [33]) and meshing applications.

7.3 Summary

Work presented in this thesis demonstrates the benefit of topology-awareness in
mapping of objects on to a parallel machine statically or during load balancing. We
first describe the topology interface in CHARM+-+ which facilitates the mapping of
objects onto 3D topologies. As a first example, we take a simple application, 3D
7-point stencil and prove that topology mapping does help in reducing contention
during communication, thereby reducing the time required for the same. The num-
ber of hops travelled by messages is reduced by ten times on the average which gives

us a performance boost of two to seven times in certain cases.
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The two real applications which benefit from the idea of topology-aware map-
ping are LEANCP and NAMD. LEANCP has regular communication between its
numerous chare arrays and thus provides us with a structured well-defined example
for topology-aware mapping. Since the application is heavily communication bound,
it shows good improvements compared to the naive mapping. NAMD'’s load bal-
ancers on the other hand depend on many factors for optimal performance. Hence,
it becomes difficult to judge the real benefit of topology mapping. Yet NAMD
also shows a reasonable improvement in terms of hop-bytes and some improvement
in performance for higher processor counts. We hope to utilize the insights gained
from the study of these applications to create a generalized automatic framework
for topology-aware mapping. This would benefit many applications in the future.

and performance of the application.
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Appendix A

3D Jacobi with block size 32 x 32 x 32
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Figure 8.1: Performance of 3D Jacobi on Blue Gene/L (VN mode)
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Appendix B

LeanCP running WATER 32M 70Ry on Blue Gene/L
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Figure 9.5: Performance of LeanCP using the WATER_32M_70Ry benchmark on

Blue Gene/L
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Appendix C

The Topology API in CHARM++ provides the user application with a lot of useful
functions which facilitate the implementation of mapping algorithms. It should be

noted that these functions are only applicable for 3D mesh and torus topologies:

void rankToCoordinates(int pe, int &x, int &y, int &z) This function re-
turns the physical co-ordinates on the machine for a given processor rank or

ID (assigned by the system).

int coordinatesToRank(int x, int y, int z) This function returns the sys-
tem assigned processor rank for given physical co-ordinates (x, y, z) on the

machine.

int getHopsBetweenRanks(int pel, int pe2) This returns the number of hops

between two processors.

void sortRanksByHops(int pe, int *pes, int *idx, int n) Given a list of pro-
cessors, this function sorts the list by their distance in hops from a given

processor.

int pickClosestRank(int mype, int *pes, int n) This function picks the clos-

est processor to a given processor from a given list.

int areNeighbors(int pel, int pe2, int pe3, int distance) This function
determines if the sum of the distance in hops between three processors is less

than a certain distance.
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These functions are used in LEANCP and NAMD extensively to simplify the
mapping algorithms. For example, to sort a list of processors by their distance from

their centroid, we can do the following:

void sortByCentroid(int *list, int npes) {
int pe, x, y, z, x1, yi1, z1;
int idx[npes];
for(int i=0; i<npes; i++) {

rankToCoordinates(1ist[i], x1, y1, z1);

x += x1;
y +=yL
z += z1;

X = x/npes;

y = y/npes;

z z/npes;
pe = coordinatesToRank(x, y, z);

sortRanksByHops(pe, list, idx, npes);
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