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Abstract We examine this question in the context of a liquid crystal calcula-
tion which involves fairly standard matrix-vector and vector-vector
We examine the scalability and performance of a legacy liquid operations.

crystal code on a PC (Beowulf) cluster consisting of 16 dual-

processor Pentium 111/450s. This code was originally designed

for use on a Unix workstation cluster of less than 8 machines. In

particular, we examine the effectiveness of using potentially more
efficient technigues such as non-blocking communication calls and
whether the use of SMP nodes enhances or detracts from the over

2 Liquid Crystal Physics

Liquid crystals are so called because they exhibit some of the prop-
erties of both the liquid and crystalline states. In fact they are sub-

stances which, over certain ranges of temperatures, can existin one
or moremesophasesomewhere between the rigid lattices of crys-
talline solids, which exhibit both orientational and positional order,
and the isotropic liquid phase, which exhibits neither. Liquid crys-
tals resemble liquids in that their molecules are free to flow and
The recent availability of comparatively inexpensive Beowulf clus- thus can assume the shape of a containment vessel. On the other
ters has made it possible for computational scientists to run largehand they exhibit orientational and possibly some positional order.
scale computational codes at their local institutions rather than atThis is due to the intermolecular forces which are stronger than
a remote supercomputer center. The availability of such resourceshose in liquids and which cause the molecules to have, on aver-
also facilitate the running of codes designed for multi-processor age, a preferred direction. Liquid crystals may exist in a number of
Unix workstations, servers and small clusters of networked work- mesophases, such as thematic, smectic, cholesteqphases (see
stations (NOWSs). Beowulf clusters have the further advantage [?]). Here we confine ourselves to nematic liquid crystals, which
compared with NOWs that they tend to be dedicated resources,exhibit orientational but no positional order.

as opposed to NOWs which often were also used as general pur-  In many liquid crystal devices, the liquid crystal molecules at
pose access machines. In this paper, we wish to examine how welthe edge of the device are mechanically given a specific orientation
a legacy liquid crystal code performs on a medium size Beowulf which induces the molecules in the interior of the device to mimic
Cluster, and to what extent performance improvements result fromthat orientation to the extent possible. For a given device geome-
more sophisticated handling of the communications. In particu- try and a given molecular edge orientation, it may not be possible
lar, we examine scalability of the code for numbers of processors for the liquid crystal molecules to duplicate that edge orientation
up to 32. An additional question considered is whether or not it is throughout the interior of the device. For instance consider a thin
cost-effective to employ 2 processor SMP nodes in such a Beowulfslab containing liquid crystal material in which the molecules at
cluster. Popular “folk-lore” and some anecdotal evidence suggestthe edge of the device are oriented radially. This is illustrated
that bus or network interface card (NIC) contention may lead to in Figure ??. Since the radial orientation cannot be maintained
considerable inefficiencies and thus lack of scalability. This is throughout the interior, pockets of liquid crystal with no fixed ori-
of some importance in purchasing decisions for Beowulf clusters, entation form. These pockets, called defects, are illustrated by the
since 2 processor SMP nodes are significantly less expensive thaémpty spaces in Figurg®?, and, depending on the temperature and
two separate machines, and thus the price performance of SMPmagnetic or electric field strength, will form in different places. It
based clusters should be better, if the performance is comparableis of significant importance in liquid crystal research to develop
computer models which can accurately determine the orientation
and the defects of liquid crystals in a confined medium, especially
in the presence of changing temperature and field intensities.

The paper is organized as follows: In secti®? we give a
brief description of the mathematics of the liquid crystal model. In
section??, we describe how the code is implemented on a SMP
workstation cluster. In sectio®?, we describe the hardware and
software of the cluster we are using, and how the performance of
the cluster is affected by the TCP and MPI implementation. Fi-
nally, in section??, we discuss the performance of the application

all performance.

1 Introduction
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and DMR-8920147 ALCOM and by the OBR Investment Fund OCARnet.



on the cluster.
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Figure 1: Liquid Crystal Orientation for Scaled
Temperaturel = 0.3013
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Figure 2: Liquid Crystal Orientation for Scaled
Temperaturel = 0.3174

3 The Liquid Crystal Model

field Q; see Priestly et al.7]. The free energy is given by
= FVOI(Q7 T) + Fsurf(Q)

F(Q.T)
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where@ = Q(p), p € Q, is a3 x 3 symmetric traceless tensor,
which is represented by

Q(p)=q1(p)(§ § ;gl)

1

+qz(p)( z 0 § )+q3(p)( (;3 ©)

coo
cor
N—

0o 0 0

+q4(p)< o ! _81 >+qs(p)( 0

and theg; are real-valued functions di. Theg; are to be deter-
mined so that the free energy?d) is minimal. The representation
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uses the convention that summation over repeated indices is im-
plied and indices separated by commas represent partial deriva-
tives. For example,

3 3 3
QapAQav,6 = ZZ Z 9Q[a, f] . 9Q|a, ’Y].
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The bulk parameterd is assumed to be of the forrd =
Ao(T — 7o), where Ay and 7, are constants and is the nor-
malized temperature of the liquid crystals. In this paper we take
7o = 0 and Ay = 2, which givesT = %.A. The quantitiesC,

L2 and L3 are elastic constants, aitiandC are bulk constants.
In addition, we assume

fsurf(Q) = Wtrace((Q - Q0)2)7 (5)

where)V is a constant and the tens@ is determined by the
boundary conditions for the functiong. The weak anchoring
model is obtained when small to moderate value¥\ofire used,
while large values ofV give the strong anchoring model. Details
can be found in?, 2, ?, ?].

The minimum energy equilibrium configuration of the liquid
crystals is determined by solving the Euler-Lagrange equations as-
sociated with ??). These equations yield a boundary value prob-
lem for a system of nonlinear partial differential equations with
unknowng;.

In this paper, we will assume that the liquid crystal material is
contained in a small cube. By changing the length scale, the do-
main of the problem can be changed from a small cube to a stan-

The problem under consideration is to determine the minimum en-dard1 x 1 x 1 cube. Discretizing the Euler-Lagrange equations

ergy configuration of liquid crystals in a slab

Q = {(z1,22,23):0< 21 <a,0<x2 <D,

0<uz3<c}

with surfaced2. Using the Landau-de Gennes formulation, the

on the unit cube using finite differences produces a large three di-
mensional grid of points, typically with at least 100 points along
each edge, that is abol®0® points total; see Figure?.

For each poinp; ;. = (zi,z], %) in this grid, there are 5
variables representing the values of

free energy can be expressed in terms of a tensor order parameter q1(Dijk)s -5 q5(Pij k)



in the expansion of the tensor at that point, and 5 discretized Eulereach direction, and exchanges at mat data points per MIN-
Lagrange equations. This produces a system on the ordeixof RES iteration.

10° nonlinear equations i x 10° unknowns. We represent this An asymptotically more efficient data distribution algorithm
by would result if each processor, where possible, were given all the
G(Q,T) = 0. (6) data of a sub-cube of the larger cube. This is possible when using

8, 27, or 64 processors. The efficiency of this type of data dis-
tribution, as compared to our present scheme, increases with the
number of processors and benefits of the more efficient data dis-
tribution will ultimately make it worthwhile to replace our legacy
code.

We solve this system by Newton's method. Each iteration of
Newton's method requires the solution of a linear system of equa-
tions with the matrix of partial derivative&¢(Q,7) obtained
from the discretized Euler-Lagrange equations. Since the matrix
Go(Q,T) is extremely large, on the order t6° x 10° and sparse,
each row containing no more thanx 27 entries, iterative meth-

ods must be used to solve the linear system in which it appears.
Becaus&5q(Q,7) can be indefinite or singular for some values o
of @ and7, we use the Krylov subspace method MINREE s ??.,gogg 0000000000} @ eor 3
our linear systems solver. B 0200000000004 | o0
Due to the complexity of the liquid crystal equations, the C 2000256606 6000 00
. . . 00000 0000000000
code for the Newton's method is generated using a Maple pro- Q‘gg%g 0000000000
gram. It calculates the Euler-Lagrange equations symbolically and 0000000000000 00 ooy
i i i i i i 000200,2900 00000000 Oooooooo 0000000000
discretizes them using centered difference approximations for the .00 0 690600000 Koo 00 00 0000 O o essor 2
derivatives. The resulting equations for a given point depend on 02%%082 0000095900 0240000000000
the data at that point and the data at the closest 26 points, that is Qe 0000000000
the points in the x 3 x 3 sub-cube centered at that point. To con-
serve memory we use a matrix-free formulation, that is the entries ) ?.gggg%
of Go(Q, T) are not stored, but are calculated as needed. Data Grid O%%Zg 0009000000 Processor 1
0000000000

4 The implementation of the parallel method

The use of Newton's method together with MINRES produces a Figure 3: Processor Assignment
program that spends nearly all its time doing matrix-vector multi-
plications and vector vector operations (the evaluatio® @, 7)

in Newton's method costs about as much as one matrix-vector mul-
tiply), and because of this the efficiency of the program depends
primarily on the implementation of these operations.

However, the program we are using is legacy code which was
designed to run on a smak(8) workstation cluster and which
uses a data distribution scheme which is efficient for a cluster with
only a few nodes, but is less so on our current cluster. Our data
is arranged so that each processor communicates with at most two
other processors. To see how this is done, consider that the cubic
grid of points produced by the discretization is sliced by planes
parallel to the XY axis so that there is one slice per processor and
so that each slice contains approximately the same number of grid
points. We associate the data in each slice with a processor as in

Figure??.
For a point in the interior of a slice, that is a point all of whose S 33
neighbors in the grid are contained in the same processor, all of the Processor Communications
data required to form the discretized Euler Lagrange equations at
that point is stored in the associated processor. Also, at an interior, Figure 4: Communication

all the data required to form the associated entry in the product
of the matrixGq(Q,7) with a vectorX arising in the iterative
method will reside in the same processor. So for interior points no
communications is required to implement Newton's method.

For a point on the edge of a slice, not all the data required for 5 Experimental Framework
Newton's method is located in that processor, so edge data must
be exchanged by processors associated with contiguous slices. IThe local experimental environment used in this paper consists of
is convenient to add an additional plane of variables at each in-16 dual processor Pentium 11/450s running Linux connected by
terior edge of a slice to receive the data being exchanged. Thenswitched 100 Mbps Ethernet. The machines were custom built
after a communication step to fetch the required data, the requiredfrom parts for cost reasons and to maintain commodity compo-
calculations can be performed using standard indexing. This is il- nents. Each has a SuperMicro motherboard based on the Intel
lustrated in Figure??. The communication and synchronization 440BX chip set, and 256 MB of PC 100 memory. The 100 Mbps
of the processes are handled by MPI. Accordingly, each processorEthernet cards are based on the DEC Tulip chipset. The Red Hat

performsO(N3) calculations, wher@ is the number of points in 6.1 distribution of Linux was used with the 2.2.10 SMP kernel.
The particular application that we are testing is parallelized using



MPI. We have chosen to use the LAM implementation of MPI as shared memory synchronization as well as a SYSV semaphore or
opposed to the more widely used MPICH distribution, since it is pthread mutex for synchronizing access to a per node global shared
more tuned for use in a cluster environment, and previous experi-memory pool. The USYSV transport is intended to give the best
ence has indicated that it achieves higher throughput. performance on SMPs. One of the purposes of this paper is to
Distributed applications using MPI (either LAM or MPICH)  test whether the USYSV transport layer overcomes the problems
as communication transport on a cluster of computers (such as avhich have traditionally arisen in MPI based programs, which use
Networks of Workstations (NOWSs) or PC/Beowulf cluster) impose TCP to perform interprocessor communication on SMP nodes.
heavy demands on communication networks. In practice, MPI
communications are often implemented over socket communica-
tion using TCP/IP. Therefore, it is important, among other factors,

to have high TCP performance in order for distributed applications |, s section, we consider the resulting performance for the liquid
to communicate efficiently and thus achieve high speedup. Thecrystal application on meshesok 4 x 4, 8 x 8 x 8, 16 x 16 x 16,

TCP protocol_was originally designeql to run reliably over varioys 32 x 32 x 32, and64 x 64 x 64 points. Note that, with the slicing
network media regardless of transmission rate, delay, Corr“pt'onvalgorithm described, since we are communicatig N sets of 5
duplication, or reordering of segments. In order to take advan- {onqor values each (’)f 8 bytes, we will be communicating N>

tage of high speed networks, systems must be configured t0 SUPyyes in each case. This is 640, 2560, 10240, 40960 and 163840
port and utilize extensions to the basic TCP/IP protocol suite. We bytes for thet x 4 x 4, 8 x 8 x 8, 16 x 16 x 16, 32 x 32 x 32, and

have taken care to tune the TCP implementation for high perfor- ¢ . 64 « 64 cases respectively. It was not possible to produce full
mance high bandwidth communication, in particular by using the g¢4|apility results for problems larger théu x 64 x 64 due to the
TCP/IP Extensions for High-Performand®RC 1323[?]), which 256 MB memory limit on the PCs. A28 x 128 x 128 problem

defines a set of TCP extensions to improve p.erformance.over largeyould require in excess of 800 MB of memory, and so could only
bandwidth x delay paths and to provide reliable operation over pa run on 4 or more nodes.

high-speed paths. RFC 1323 defines new TCP options for scaled  rigre 22 shows the variation in total execution time for the
windows and timestamps, which are designed to provide compat-Neyton iterations in the liquid crystal simulation, the total number
ible interaction with TCP's that do not implement the extensions. ;¢ MINRES iterations. and the time per MINRES iteration with
The host systems must support large enough socket buffers fory,g gjze of the problem. It should be noted that the total time in-
reading and writing data to the network. We set the system level ;raases due both to the increase in the number of MINRES itera-
maximum socket buffer size to the maximum allowable in LinuX, - tions which is due to the increase in the difficulty in convergence
which is 128KB.|n Linux 2.1.x and later, and is set by setting the ¢ ihe Newton process, and due to the increasing time per MINRES
default socket size to 64KB. _ _ iteration, which is due to the larger matrices being manipulated.
_Itshould be noted that the version of the Linux kernel has con- gjnce the increase in the number of MINRES iterations is purely
siderable influence on the attainable TCP performance and henced matter of numerical conditioning, and cannot be addressed by

on the MPI performance. Early implementation of the TCP/IP 5 5)ielization, we factor this effect out and consider only the time
drivers exhibited noticeable performance dropoffs at certain mes- per MINRES iteration in subsequent discussions.

sage sizes. In later kernels most of these have been eliminated.
In the case of Gigabit Ethernet, these performance variations with
kernel version are particularly noticeable. For example?infis

6 Application Performance

shown that the peak performance was approximately 226 Mbps for 00000 Total Time

kernel 2.0.35, whereas it had improved to approximately 322 Mbps 10000 | Time per lcranon .

in the development kernels 2.1.x and the more recent production

kernel 2.2.1. However Linux kernel versions 2.2.0 through 2.2.9 1000 - -

still had some TCP/IP performance problems. In particular, 2.2.5

has many severe drops in the performance curves, caused by Linux 100 I 7]

kernel delayed TCP acknowledgments. The LAM implementors 1oL |

warn that LAM may exhibit poor performance due to these Linux

TCP/IP kernel bugs, particularly in client-to-client (C2C) commu- 1L _

nications, which bypass the LAM daemon. Since client-to-client

mode is normally recommended for high performance LAM com- o1 |- .

munication, it is important to use a kernel version, such as those

greater than 2.2.10, which rectify this problem. o.01 - b
The version of LAM used in these tests is LAM 6.3.1. As we e

mentioned above the LAM implementation of MPI is optimized e-o0t - w 7

for use in a clustered environment, particularly clusters consisting 6.0001 .

of SMP nodes. Among the optimizations is the fact that it sets the 1 10 100

Grid Size N

socket size to the system default size, that is 64KB rather than to a
smaller size. As indicated ir?], in the case of ATM networks, this
can increase the throughput by of the order of 18%. All versions
of LAM, since LAM 6.2b, provide three client-to-client transport
layers which implement the request progression interface (RPI).
The three client-to-client transports are TCP, USYSV and SYSV. The most computationally intensive part of the algorithm con-

In these tests, we employed the USYSV transport layer, which sists of matrix-vector multiplies. In the case of small problems,

is a multi-protocol transport layer. Processes on the same nodesuch ast x 4 x 4 ones, these account for approximately 56% of the

communicate via SYSV shared memory and processes on differen : : hae
nodes communicate via TCP sockets. USYSV uses spin-locks forttOtal time, and in larger ones, suc 32x32 and64x 64x 64,

Figure 5: Total Time, Number of Minres Iterations and Time per
Iteration



for between 60% and 65%. Since each multiply involves fetching to the two processors on the same machine, only two off machine
the data for two adjacent slices through the network, the4gV> communications per matrix multiply would be necessary. When
bytes of data is sent aré) « N2 bytes of data is received by most  we explicitly force this to occur, we refer to the resulting compu-
processors, it would seem an obvious optimization to overlap com-tations as SMP Explicit in the figures. FiguP@ and?? give the
munication and computation. This can be accomplished in MPI results for small problems and larger problems respectively using
by using Non-Blocking calls rather then blockiagndrec calls. Non-Blocking communications. Figur&? and ?? give the cor-
This permits initiating the transfer, performing the interior com- responding results for small problems and larger problems using
putations, and only then blocking or waiting if the data has not standard blockingendrec communications. To interpret these
arrived. As indicated in Figure?, this provides surprisingly little

improvement.
0.01
1 C T
o Non Blocking N=8 ——+—
[ Blocking N=8 ---><---
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F Blocking N=32 &
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. s
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& E ~_ Uniprocessor N=8 —+—]
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0.001 1
1 10 100 _ - .
Processors Figure 7: Comparison of SMP modes for Non Blocking MPI Calls

on Small Problems
Figure 6: Comparison of Blocking and Non Blocking MPI Calls

Another issue of interest is the comparative efficiency of SMP
nodes for practical computations. Early reference and public do- 10 Uniprocdesor N=64
main versions of MPI tended to be designed for generic networks, E SMP Explicit N=64 --->¢---
including wide area networks. As such, unlike proprietary im- i
plementations, such as that of Cray, they were not optimized for
particular platforms or architectures. The LAM implementation
was aimed at networks of workstations, particularly in a local area
network environment, and after release 6.2b at clusters consist-
ing of SMP nodes. In the next series of Figufs-??, we ex-
amine the effects of SMP nodes on the performance. These plot
the time per MINRES iteration against the numbers of processors
for various sizes of problem and variations on SMP use. In each
figure, Uniprocessor indicates the performance graph for the case
where only one processor per machine is used. We remark that the
machines as still configured using the SMP version of the Linux
kernel. Tests have shown that the results using a uniprocessor ver-
sion of the same kernel do not differ substantially. By default,
LAM will bind processes (copies of the program) to MPI nodes in 0.1 - S 100
around robin manner, that is, if the user has booted LAM daemons Processors
on 16 dual processor machines usiagboot and then specifies

Time per Iteration

mpirun -c2c -c 32 prog Figure 8: Comparison of SMP modes for Non Blocking MPI Calls
on Large Problems

LAM will assign the first process to LAM node0, the second to

LAM node n1, etc., the sixteenth to LAM nodel5, the seven-

teenth again to LAM nod@0, etc. and finally the thirty-second  figures, it is necessary to understand that by virtue of the structure

to noden31. In the case of our computation, this is far from opti- of the algorithm, each processor will ultimately have to wait for all

mal, since it means that each processor performs two off machineothers to complete a phase of the computation. This is enforced by

communications per matrix multiply or a total of four per machine. the various collective communication operations involved such as

This case is referred to as SMP Default in the figures. If sequen-the calculation of dot products and norms, and also explicitly by

tial processes had been assigned to the same LAM node and thubarriers which ensure that no processor proceeds to use old data in



Default are the same. Thus the time per iteration will be the same.

0.1 F Uniprocessor N=8 ] Further all the ccl)mmunication. ison t.he one machine using shared
SMP Dofadit No8 ] memory, which is faster and, in particular has lower latency, than

network communication. This explains the superior performance
of the SMP case. The case of four processors is also a special
case, in that for the SMP Explicit case, each machines has only to
send and receive one slice of data through the network, whereas
in the uniprocessor and SMP Default case, some of the machines
must send and receive two slices. Thus the network communica-
E tion overhead is doubled. This explains why the SMP Explicit case

] has slightly superior performance. The other differences apparent
on the graph are within the margin of error.

Figures?? and ?? indicate that for realistic sized problems
there is no significant difference between the performance of
uniprocessor and SMP Explicit methods. The minor difference
may be attributable to increased bus contention due to the shared
memory exchanges for large messages. On the other hand there is

0.001 - 1o a more significant difference between uniprocessor and SMP Ex-

Processors plicit methods on the one hand and SMP Default methods on the

other hand, which is attributable to the fact that most processors

Figure 9: Comparison of SMP modes for Blocking MPI Calls on are performing twice the network communication in the case of
Small Problems the SMP Default method.

Finally as an indication of the overall performance achiev-
able for realistic sizes of problem, Figup@ gives the speedups
for uniprocessor blocking and non-blocking methods on problems

0.01 |

Time per lteration

t Uniprocessor N—32 — with N = 32 and 64 respectively. It should be noted that, with the
SMP Explicit N=32 ---><--—-
SMP Default N=32 ---->----
14 T T T T T T
12 Uniprocessor Blocking N=32 ——+——
s Uniprocessor Non Blocking N=64 ---><---|
s
=
— - 10 -
&
@ <
£
= o 8 |- -
=
8
23 s _
a -
0.01 L
1 10 100
Processors 2 —
Figure 10: Comparison of SMP modes for Blocking MPI Calls on o L L L L . .
(o] 5 10 15 20 25 30 35
Large Problems Procescors

Figure 11: Speedups for Blocking and Non Blocking MPI Calls

the next iteration. Thus one would not normally expect the SMP

nodes to complete an iteration faster than uniprocessor nodes. AEIicing method of domain decomposition used in our algorithm
bestin th_e SMP Explicit case, the_SMP node§ have to perform two ¢, 5 problem withN' = 32 on 32 processors, there is only one’
off-machine data exchanges similar to a uniprocessor node, andyauer of points per slice. This must be communicated to the slices
in addition, have to perform an on-machine communication via apqye and below, and thus communication is the dominant effect.
shared memory, which adds to the bus contention. . A similar circumstance holds for the case where the number of

_ Figures?? and 2?2 are for the case oV = 8 thatis agrid 5 ncessors isv/2. On the other hand, acceptable performance is
with 8 x 8 x 8 points. This gives 512 points or 2560 indepen- 5 pieyed when the number of processors is a reasonable proportion

dent variables. Naturally, we do not advocate trying to parallelize oo \ymber of slices, which is likely to be the case in practice.
such a small problem. It is presented here only for its interest in

the context of the relative performance of uniprocessor and SMP .

nodes. Since the amount of data and computation in this case is’ Conclusions

small, network latency will have a significant effect on the per- o

formance. Assuming that only one SMP machines is booted as a¥Veé have shown that a legacy liquid crystal code can be ported
LAM node, in the case of two processors, the SMP Explicit and Successfully and with reasonable performance to a Beowulf SMP



cluster, and that re-engineering it by using non-blocking MPI com-
mands does not significantly improve the performance. Finally,
we have shown that using LAM version 6.3.1, with the USYSV

transport layer, which includes support for shared memory com-
munication on the SMP node, the performance of SMP nodes is
not significantly different from that of uniprocessor nodes.
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