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My research has centered upon parallel computing, and more specifically on improving (computer)
performance and (human) productivity in parallel programming. My choice of specific research
topics and strategies is guided by the following (admittedly subjective) axioms.

• To have a long-term impact on the state-of-art in parallel computing, the research must
be Computer Science centered yet application oriented[95]. Centering one’s research on
a particular application will typically not lead to development of enabling technologies,
applicable across a broad variety of applications. At the same time, without application
orientation, one is in danger of developing tools and techniques that aren’t useful to real
applications. Using application benchmarks to demonstrate CS techniques isn’t enough.
So, one should develop core “enabling technologies” while focusing on full-fledged “real”
applications, via intensely collaborative interdisciplinary research.

• As the systems area of computer science is an engineering discipline, it is necessary to
embody the techniques developed as part of our research into reusable software, and to
make such software available to other researchers/practitioners.

Consequently, my research has focused on developing the middle layers of enabling technologies,
with portability and data driven execution as the underlying themes, with dynamic and irregular
applications and environments as the context, and with performance, scalability, and ease of
programming as the objectives.
An important aspect of this philosophy is that one must move constantly between developing new
abstractions, and using them to effectively parallelizing challenging applications.
The following paragraphs summarize components of my past and ongoing research.

Portability: In 1986-87, when the chare kernel [165, 166, 167, 168] (predecessor to Charm) was
being designed with the objective of providing portability, it was deemed an unrealistic objective,
especially portability across shared and distributed memory machines. Such portability is now
passe.

Data driven objects: Data-driven execution ideas were at the basis of data-flow machines
proposed in the ’70s. Software-based data driven execution was used in several research projects,
including Rediflow (parallel functional languages), our own research [169] on parallel prolog and
Agha’s elaboration of Hewitt’s Actor model. Chare kernel was one of the first pragmatic (e.g.
C based) data-driven (active) object based system; [165, 166, 167, 168] it was available on most
parallel machines of the day including workstation networks. [110] Other parallel object systems
in that timeframe include ABCL, ORCA, PC++, and UC++. One of the first parallel imple-
mentations of Actors (HAL, Houck and Agha, ICPP ’92) was developed on top of Charm. The
performance and modularity benefits of data driven execution were systematically studied and
demonstrated by us [170, 96, 92, 99]. We’ve continued to elaborate and develop the Charm++
parallel object model, which is at the foundation of much of our research. Beyond data driven ob-
jects themselves, Charm++ concepts include object groups, information sharing abstractions,[102]
object-placement based load balancing [171] and prioritized scheduling[97]. A more recent addi-
tion is object arrays [88, 75] . Charm++ has been used extensively for developing applications
by us and others.



Migrating objects and threads: To deal with unpredictable dynamic behavior of many
applications, it is necessary to adaptively move an appropriate fraction of work away from over-
loaded processors. Charm++ objects provide a potential mechanism for this purpose. We’ve
developed a framework that supports object migration, as well as thread migration.

Adaptive Run-time Systems and the Principle of Persistence:
A central theme to much of my group’s recent research is that of adaptive runtime systems. This
is based on a simple idea: let the programmer decompose the problem into parallel pieces, and
let the runtime system assign (and dynamically reassign) those pieces to processor, schedule their
execution, and mediate communication between them. I believe this represents a good division
of labor between the “system” and the programmer. This empowers the RTS to carry out many
“smart” optimizations. beleive
As we worked with CSE applications, and parallelized them using the mirgatable-objects model,
a heuristic principle that we called the principle of persistence became apparent: the object
communication patterns and computation loads tend to persist over time, in spite of dynamic
nature of the applications. Based on this, we can build measurement-based dynamic load balancers
[164, 75, 75, 87] and communication optimizers [52, 53, 53, 53] that can learn as the application
runs. This has operned up a large area of research in adaptive runtime strategies. The load
balancers enabled by the principle of persistence migrate existing objects, instead of migrating
“seeds” for new objects, as in our load balancers for state-space-search [97, 131, 121]

Run-time systems and multi-paradigm interoperability: It is difficult to per-
suade broad developer community to switch to a new paradigm(such as Charm++). Further,
different paradigms may be appropriate for different components of a single application. We
developed the Converse runtime framework [90, 80] to address these issues. Converse provides
interoperability between multiple data-driven and multithreaded paradigms as well as with tradi-
tional message passing paradigms. Converse is a component based architecture, with components
encapsulating commonly needed run-time functionalities. As a result, to develop a portable run-
time library for a new paradigm on top of Converse becomes extremely easy. We implemented
more than ten such (interoperable) libraries, representing several parallel programming languages
and paradigms [80, 89].

Adaptive MPI: Since MPI is the commonly used paradigm on parallel computers, we de-
veloped an implementation of MPI on top of Charm++: MPI processes are implemented as user
level threads embedded in Charm++ objects. This required solving tricky issues of migrating
threads with their stacks, and dealing with global variables [54, 33].
Fault Tolerance: Given the trend of an increasing number of processors in parallel systems,
fault handling becomes an important issue. To address this problem, we have developed in the
Charm++ framework a series of techniques that allow an application to make progress in its ex-
ecution despite the presence of system faults. Those techniques include checkpoint-restart mech-
anisms [149], diskless checkpointing [45], message-logging schemes [48], and proactive processor
evacuation [41]. All of these implementations are available for either Charm++ or Adaptive MPI
applications.

Performance analysis and visualization tools: A parallel object language such
as Charm++ provides a wealth of information to the runtime system about the behavior of the
application program. Exploiting this, we developed performance visualization and automatic
performance analysis techniques that can identify performance hurdles in an application [107, 83].



Going a step further, we developed closed-loop techniques [86, 87] that analyze the performance
data from one run to generate a “hints” database that is utilized by subsequent runs (or iterations)
to improve performance.

Parallel molecular dynamics: A large fraction of my research effort during the past
few years was devoted to a collaborative project [172, 173, 14] aimed at developing a scalable
and efficient parallel molecular dynamics program. The resultant program, NAMD [12], is a
production quality program used to produce over a dozen published results in biophysics. It is
written using Charm++, and uses Converse [77] to interoperate with libraries written in other
languages. We believe it is the fastest parallel molecular dynamics program (speedup of 180 on
220 processors, not surpassed by any other production quality program). Although it has required
significant effort on our part to support the nitty-gritty of a real application, it has also been a
wellspring of ideas for Computer Science research.

Parallel quantum chemistry: My interest in molecular dynamics simulation has been
extended into the electronic structure details governed by quantum mechanics. Our collaborative
project [4] has explored how the Car-Parrinello ab initio molecular dynamics method can achieve
new heights of scalability [156] by way a finer decomposition using Charm++ virtualization ap-
proach. Achieving effective scaling for the 32 molecule problem to over 1500 processors. The
heavy use of Fast fourier transforms also inspired the development of our parallel FFT library
[153]. Furthermore, this complex application has been a driver for parallel research in the effi-
cient use of collective communication optimizations [139], and the use of prioritized execution to
maximize the efficiency of adaptive overlap of computation with communication.

Computational Astronomy A collaborative project (with Prof. Quinn, UW) aims at
attaining new levels of performance for both astronomical simulations involving gravit, gas dy-
namics, and including multiple timestepping over large scale-ranges. This application presents
interesting tradeoffs between different parallel data structures, balancing memory use with ef-
ficiency, complex multiphase dynamics load balancing strategies, etc. Preliminary results are
promising [32].

Other Collaborative Applications These include structural dynamics (with Prof.
Geubelle, UIUC), space-time-meshes (Profs. Haber, Ericsson et al UIUC), and a large DOE
project on rocket simulation (headed by Prof. Heath, UIUC). We have validated much or our
methodology and software (Charm++, AMPI, and the unstructured mesh framework now called
ParFUM) via use in these projects.

Performance Prediction and Parallel Discrete Event Simulation: We have
developed POSE[50], an environment for Parallel Discrete Event Simulation (PDES), to address
the need for scalable simulation frameworks capable of handling simulations with fine-grained
tasks. POSE[146] is being used in a variety of areas such as VHDL-based circuit simulation and
application performance prediction on very large parallel machines.
As the need for computing power grows, huge machines with thousands of processors are being
designed that are potentially capable of peta-FLOPs performance. PDES can be used in the
design stages of such machines to model and predict the performance of target applications on
the proposed architecture[63]. Toward this end, we developed BigSim[55], a parallel simulator for
performance prediction of real applications on extremely large machines. Application tasks are
simulated as if running on target processors, and communication and load balancing are modeled
with fixed network parameters[5].
This lead to the development[148] of modular simulations of interconnection networks for these



large parallel machines in the BigNetSim project[39]. Logs of application task execution data
generated by BigSim, were used to simulate the application on a machine configured with a
variety of network options. Logs could be reused for various networks — the initial task execution
only needed to be performed once. This presented a challenging simulation to POSE [37], which
has achieved good scalability in spite of the fine granularity.

Dynamic and irregular applications in science and engineering: We are
developing a broad “multi-domain partitioning” approach for such applications, based on ob-
jects and the migration framework. Strategies for detecting application-induced imbalances, and
adaptively reacting to them to restore efficiency are being developed [164]. Consistent with our
philosophy, these are being tested on applications in biophysics [79], rocket simulation, and solid-
ification of metals, in collaborative projects. We expect the resultant framework to be a broadly
applicable “enabling technology”.

Domain Specific Frameworks: Unstructured Meshes A few key “data struc-
tures” (structured and unstructured grids, spatial-decomposition trees, and particles) account for
a large number of parallel applications. Developing domain-specific frameworks for these will en-
hance productivity by facilitating reuse. Although we have developed basic frameworks for all of
these, the unstructured mesh framework has been highly successful, and is being used in multiple
applications. A guiding principle of this framework was to retain the sequential “look-and-feel”
for the application programmer, and to give control of application data-structures to them (in-
stead of requiring a system-mandated sub-classing regimen, for example). Our future work here
is focused on supporting mesh adaptivity in multiple contexts.

Cluster computing: As clusters are becoming more common and Grid computing becom-
ing a reality, we have started to develop Faucets [44], an economy-drive framework for sharing
computational resources on the Grid. We have studied different bidding strategies to provide a
good economic model [151]. We have also developed techniques which leverage the Charm [168]
and AMPI [71] run-time systems to tolerate intra-cluster latencies encountered in the Grid [40].
Faucets is currently deployed on several clusters in the Department of Computer Science.

State-space search/non-numeric computations: One of the early successes of our
parallel object methodology was in the area of state-space search. Based on the ideas of fine-grain
prioritization, and scalable load balancing, we’ve obtained strong results [101] in state space search
for any one solution (which was a very difficult problem), iterative deepening, branch and bound
[97], and so on.

Web based interactive parallel programs: We have developed a client-server in-
terface that allows parallel programs to interact with outside world. Building on this, we have
developed a web interface [174, 47] that allows one to attach to running parallel programs from a
browser anywhere, monitor its performance, debug it, and interact with it.
The citations numbers above refer to the publication list in the resume. Further information
about these topics can be obtained from http://charm.cs.uiuc.edu



(Papers 1-30, approxmiately, are journal papers or book chapters, papers until 136 are refered
conference papers, and the ones after that are thesis and tech. reports. That is the intent: this
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[44] Laxmikant V. Kalé, Sameer Kumar, Jayant DeSouza, Mani Potnuru, and Sindhura Band-
hakavi. Faucets: Efficient resource allocation on the computational grid. In Proceedings of
the 2004 International Conference on Parallel Processing, August 2004.

[45] Gengbin Zheng, Lixia Shi, and Laxmikant V. Kalé. Ftc-charm++: An in-memory
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International Workshop on Languages and Compilers for Parallel Computing (LCPC 2003),
LNCS 2958, pages 306–322, College Station, Texas, October 2003.

[55] Gengbin Zheng, Gunavardhan Kakulapati, and Laxmikant V. Kalé. Bigsim: A parallel
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[57] Jayant DeSouza and L. V. Kalé. Jade: A parallel message-driven Java. In Proc. Workshop
on Java in Computational Science, held in conjunction with the International Conference on
Computational Science (ICCS 2003), Melbourne, Australia and Saint Petersburg, Russian
Federation, June 2003.

[58] L. V. Kale, Sameer Kumar, and Krishnan Vardarajan. A Framework for Collective Person-
alized Communication. In Proceedings of IPDPS’03, Nice, France, April 2003.
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Software developed and distributed via the web

• Charm++ : parallel object language, as a C++ library

• Converse: Portable parallel runtime framework.

• ParFUM: Parallel Framework for Unstructured Mesh computations

• NAMD: Parallel Molecular Dynamics program (available from : http://ks.uiuc.edu).

• Master-slave library, with a sophisticated load balancer.

• mdPerl: parallel Perl based on Converse

• Tempo: message passing with user level threads.

• Generic branch-and-bound : A C++ class library that supports template based implemen-
tation of the parallel branch and bound algorithm, on top of Charm++ with prioritized load
balancing.

• A “standard library” of parallel components, built on top of Converse, and Charm++; In
progress.

All the above software, except NAMD, is distributed from http://charm.cs.uiuc.edu.


