Benchmarking NEMO on Various Platforms1ABSTRACT........................................................................................22BACKGROUND....................................................................................22.1WHAT IS NEMO?.............................................................................................................22.2WHAT ARE THE JPL PLANS?...............................................................................................22.3NEMO LIMITATIONS - MOTIVATION OF BENCHMARKS............................................................23THE BENCHMARKS.............................................................................33.1TARGETS AND TIMING DESCRIPTION....................................................................................33.2PLATFORMS.....................................................................................................................43.3DESCRIPTION OF THE PHYSICAL MODELS..............................................................................44THE BOTTOM LINE FOR THE DEVELOPMENT PLATFORM..........................54.1FASTEST SINGLE CPU PERFORMANCE..................................................................................54.2DEBUGGING SINGLE CPU PERFORMANCE.............................................................................64.3PARALLELIZATION COMPARISON........................................................................................74.4COMPILATION TIMES........................................................................................................85COMPARISON OF ALL PLATFORMS.......................................................96SUMMARY AND CONCLUSION.............................................................1 0 7ACKNOWLEDGEMENTS.......................................................................1 0 8APPENDIX........................................................................................1 1 8.1WHERE IS COMPILER-BASED PARALLELIZATION USEFUL?......................................................118.1.1SUN Parallelization for all Benchmark Points.............................................................118.1.2HP Parallelization for all Benchmark Points...............................................................118.1.3SGI Parallelization for all Benchmark Points..............................................................128.2PARALLELIZATION WITH MORE THAN 4 CPU’S....................................................................128.3COMPILER DEPENDENCE OF THE INDIVIDUAL PLATFORMS......................................................138.3.1Development Platforms..........................................................................................138.3.1.1SGI Origin 2000 (200 MHz)............................................................................138.3.1.2SUN E450 (300 MHz) Ultra Sparc 2...................................................................148.3.1.3HP V Class 80000 (200 MHz)..........................................................................158.3.2Alternate Platforms................................................................................................178.3.2.1SGI Onyx (200 MHz).....................................................................................178.3.2.2HP/Convex SPP-2000 (180 MHz).....................................................................19

Benchmarking NEMO on Various Platforms1 AbstractThe benchmarking of the Nanoelectronic Modeling Tool (NEMO) on a variety of different computationalplatforms is presented. Three platforms are evaluated as possible development platforms for continuedNEMO work. These platforms are SUN E450 Ultra-Sparc 2 (300 MHz), SGI Origin 2000 (200 MHz), andHP V class 8000 (200 MHz). The benchmarking issues to be addressed are 1) single CPU and 2) sharedmemory multiple CPU performance on a wide variety of physical models, and 3) compilation speeds.Several compiler optimizations were examined on the individual platforms and tested against the standardNEMO binary, which is provided by Raytheon. Several other platforms available to the High PerformanceComputing Group (HPC) have been benchmarked as well: HP/Convex SPP-2000 (180 MHz), SGI Onyx(200 MHz), LINUX based Pentium II (200 MHz), SUN Sparc-Ultra 1 (170 MHz). These machines aretested as possible execution platforms for NEMO.2 Background2.1 What is NEMO?NEMO is the Nanoelectronic Modeling tool developed at the Applied Research Laboratory of Raytheon,formerly known as the Central Research Laboratory of Texas Instruments. NEMO enables the quantummechanical simulation of the electron transport through semiconductor heterostructures that contain materialmodifications in one dimension. NEMO can be accessed through a graphical user interface (GUI) whichbased on X11/Motif and through a batch run interface. Further details on NEMO can be found at theNEMO home page at http://www.raytheon.com/rtis/nemo/ and the home page of Gerhard Klimeck at http://www-hpc.jpl.nasa.gov/PEP/gekco/

.2.2 What are the JPL Plans?JPL has acquired a license to the NEMO source code and plans to use the code for the simulation of opticaldetectors like QWIPs and heterostructure based lasers. Such simulations will require the extensiveenhancements of the NEMO code to include strong scattering mechanisms including bandstructure effectsand the interaction of the electrons with photons. For this purpose we are planning to purchase adevelopment platform that enables fast source code development and fast debugging. 2.3 NEMO Limitations - Motivation of BenchmarksThe simulation of electron transport in optical devices involves the modeling of electrons that are highlyexcited above the band edges (bandstructure effects) and the modeling of electrons that are subject toscattering by other electrons, photons, phonons, interfaces, impurities etc.. The NEMO code in its present form can treat scattering from polar optical phonons, interfaceroughness, alloy disorder and acoustic phonons. The first two scattering mechanisms have been found tohave the largest influence on the valley current of resonant tunneling diodes (RTDs). In RTDs the electrontransport is typically not scattering dominated. However, electron transport through multiple quantum wellstructures or superlattices can be scattering dominated. Although NEMO is possibly the most advancedquantum mechanics based device simulator built to date, the present implementation is not capable ofsimulating a scattering dominated device like a resistor on a fully quantum mechanical basis. The majorreason of this limitation is the number of included scattering events and the exclusion of electron-electron(e-e) scattering from the simulation. The simulation of e-e scattering involves interactions that are non-local in space (full matrices) and non-local in energy (inelastic coupling of different total energy channels).At this time NEMO can simulate an infinite or finite number of local (diagonal matrices), elastic (no totalenergy coupling) scattering events and one non-local (full matrix), inelastic (3 energies are coupled)scattering event. One target of this work is to benchmark the existing scattering code with various differentscattering model approximations.Another limitation to the existing NEMO scattering code is the exclusion of bandstructure effects fromthe scattering simulation, however, NEMO can simulate bandstructure effects without any scattering.Bandstructure effects are treated within an orbital based tight binding representation. Each atomic site is described by a set of interacting orbitals (s, px, py, and pz) whose interactions mimic the dispersion of thematerial. These orbitals are represented mathematically by spatially coupled NxN matrices, where N is thenumber of orbitals (including spin).The Benchmarks are aimed at looking at the performance of the no-scattering multiple band modelsand the scattering single band models. Future developments of the NEMO code will combine the scatteringand bandstructure feature and increase the computational demand significantly.3 The Benchmarks3.1 Targets and Timing DescriptionThe following types of benchmarks were considered for the determination of the choice of developmentplatform:1.

Single

CPU performance

-code compiled forhighest performance:

The NEMO code was run onvarious platforms compiled in various forms. Typically there are three forms: 1) Std: the standardRaytheon binary code distribution for that platform, 2) native: the newly compiled code on thatparticular platform. 3) native parallelized: newly compiled code with the automatic parallelizationoptions turned on. The results are summarized in Section 4.1, while details are deferred to Section 8.32.

fordebugging.

To check the execution speed of code whichcan be debugged the executables and all their objects were rebuilt with the "-g" option. This producescode that is instrumented with references to source code lines and optimizations are turned off. Thecode typically grows by a factor of 2-3 in size and runs significantly slower. During code developmentthis is the code that is run and tested and fast turnaround times are essential to eliminate bugs fast.The results are summarized in Section 4.2.3.

Multiple

CPU, shared memory based onautomatic, compiler parallelization.

Where available the NEMO code was instrumented for parallel execution using the compiler basedautomatic parallelization. The results are discussed in summarized in Section 4.3 and detailed inSection 8.1. Section 8.2 discusses the parallelization for more than 4 CPUs on a limited number ofplatforms.4.

compilation time forthebatch andtheGUI code.

The NEMO code has presently about250,000 lines of C, FORTRAN77 and F90 code in about 570 source files. There are two levels ofcode development: 1) detailed numerical models and 2) code infrastructure. The numerical models arecradled by the code infrastructure in an object-oriented fashion. While this object oriented approachenables code maintenance and fast prototyping, it does require frequent recompilations of the entiresource code, when a significant structural header has been changed. A good development platformsupports compilers that not only produce code that executes fast but also compilers that themselves runfast. Compile times on the various platforms range from 2-60 minutes. Compilation of the code inparallel on multiple CPUs scales directly with the number of CPUs except for the linking step at theend. The results are summarized in Section 4.4.The timing was performed by the UNIX "time" command and that time measure was compared to theNEMO built-in time measure. Reasonable agreement between the two different time measures was achievedon all platforms.The data is typically presented in a raw data form is in units of seconds of run time and in anormalized form. The normalization is computed in the following fashion:

NTTTTTTnorm normnorm norm= -�Ł� �ł� £-�Ł �ł >� 1 1001 100* if if

A value of +100% corresponds to an execution time of twice the normalization standard. Conversely avalue of -100% corresponds to an execution time of one half of the normalization standard. Thenormalization standard is typically chosen to be the fastest

complete set.

3.2 PlatformsAs development platform we consider 3 different machines, all of them are shared memory architectureswith 4 CPUs:1. Sun E450 Ultra-Sparc 2 running at 300 MHz.2. SGI Origin 2000 running at 200 MHz, These machines are presently shipped at a 250 MHz rating andthis increased CPU speed has been verified on NEMO code to translate into a execution time reductionto 200/250 = 80%. The actual machine tested is configured with 16 200MHz CPUs and 8 250 MHzCPUs.3. HP V class PA 8000 at 200 MHz (these machines can be shipped with 233 MHz CPUs).Other platforms available to the High Performance Computing Group were tested as well. These platformswere tested as possible execution platforms or temporary development platforms for NEMO.1. HP/Convex SPP-2000 - 256 CPUs at 180 MHz.2. SGI Onyx - 4 CPUs at 200 MHz (this is the old style Onyx machine, not Onyx 2, which is presentlyshipped).3. Intel Pentium II - 16 CPUs at 200 MHz running the LINUX operating system. This is a non-sharedmemory machine where parallelization can be achieved using the message passing interface (MPI) andcode modifications. The NEMO code is presently not instrumented to use MPI.4. SUN Ultra-Sparc 1 single CPU at 170 MHz.3.3 Description of the Physical ModelsWe ran 9 different input decks for the NEMO benchmarking on the different platform. These benchmarks arebriefly described in Table 1. All operations are typically executed in double precision complex numbers.

Abbr.MaxMem(MB)Dominant Numerical OperationsPhysical Contentsp3s4Partial inversion of block-tridiagonal matrices(5x5) with 444 sites.10 band nearest neighbor tight binding modelwithout explicit treatment of spin.25 bias pointssp3s_2n4.5Partial inversion of block-tridiagonal matrices(20x20) with 222 sites.10 band second nearest neighbor tight bindingmodel without the explicit treatment of spin.25 bias points.sps3_s6Partial inversion of block-tridiagonal matrices(10x10) with 444 sites.10 band nearest neighbor tight binding model withexplicit treatment of spin.25 bias points.SCB_no_p4.2Iterative solution of a system of integral equations.Diagonal matrices with 54 sites. 200 energies arecoupled directly, 84 total energies are decoupledand summed up independently.Infinite number of elastic scattering events.1 bias pointMSS_no_p14.1Recursive solution of a system of integralequations. Diagonal matrices with 54 sites. 200energies are coupled directly, 84 total energiesare decoupled and summed up independently.Finite number (5) of elastic scattering events.1 bias pointMSS_d_p46.6Same as MSS_no_p, but executed at threedifferent energies at a time.3 total energies coupled by a diagonal interaction.Finite number (5) of elastic events and oneinelastic event.Inelastic event is approximated as diagonal/local.MSS_f_p87Same as MSS_d_p but full matrix interactioninstead of the diagonal matrix interaction.Same as MSS_d_pop, but eliminating the localinteraction approximation.MSS_f_p_l2280Same as MSS_f_p but larger number of spatialsites (76) and larger number of coupled energies(360). Number of uncoupled total energiesreduced to 40.Same as MSS_f_pop, however larger interactionregion and better resolution of scattering couplingof the energiesMSS_f_p_l387Same as MSS_f_p_l2 but increased number ofcoupled energies (460) and increased number ofdecoupled total energies (60).Same as MSS_f_pop_l2 but increased energyresolution.Table 1: Benchmarks with their label, maximum memory usage, description of dominantnumerical operations and a description of the physical content.4 The Bottom Line for the Development PlatformThe three development platforms we considered for a purchase are an SGI Origin 200 (200 MHz), SUNE450 (300 MHz) and HP V Class 8000 (200 MHz) with 4 CPU�s each. The following four sectionscontain the best data for the four different benchmarks types discussed above. Details of the individualplatforms such as runs for different compiler options and the list of compiler options are deferred to Section8.3.4.1 Fastest Single CPU PerformanceThe benchmarks for the fastest execution on these three platforms are presented in Fig. 1. The SGIplatform outperforms the other two contenders in most of the benchmark points only to be beaten by theHP in two points by less than 20%.