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Abstract—Within computational chemistry, the NWChem package has arguably been the
de facto standard for running high-accuracy numerical simulations on the most powerful
supercomputers. In order to better address the challenges presented by emerging
exascale architectures, the decision has been made to rewrite NWChem. Design of the
resulting package, NWChemEXx, has been driven by exascale computing; however,
significant additional design considerations have arisen from the team’s involvement with
the Molecular Sciences Software Institute (MolSSI). MolSSI is a National Science
Foundation initiative focused on establishing coding and data standards for the
computational chemistry community. As a result, NWChemEXx is built upon a general
computational chemistry framework called the simulation development environment
(SDE) that is designed with a focus on extensibility and interoperability. The present
manuscript describes the modular approach of the SDE and how it has been used to

implement the self-consistent field algorithm within NWChemEXx.

B ComPUTATIONAL CHEMISTRY Is a field aimed at
modeling chemical phenomena in order to rational-
ize as well as predict experimental outcomes. The
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models within the field vary greatly in their compu-
tational and technical complexity. On the low-cost
end one tends to find models suitable only for qual-
itative results; however, they are capable of model-
ing millions of atoms. At the other extreme lies the
field of electronic structure theory (EST), which
consists of methods capable of quantitatively repli-
cating experimental measurements, but only for
systems comprised of tens of atoms. An active
area of research work in EST focuses on endeavors
to extend the range of systems for which quantita-
tive models are possible. Research work in this
direction typically focuses on parallelization and/
or developing new approximations for existing the-
ories. Unfortunately, the code state of many of the
current computational chemistry packages poses
one of the largest barriers to such endeavors.

Most existing codes in EST originated as in-
house codes for a single research group. Typi-
cally, these codes focused on one specific area
of research and were developed with little to no
formal software design practices (such as prop-
erly designed abstractions, data encapsulation,
and standardization). Owing to the bootstrap
nature of EST methods, as well as the evolving
interests of the research groups, the scope of
each of these packages grew and inevitably the
packages’ features began to overlap. Despite this
overlap, most package developers have avoid-
ed leveraging existing implementations, instead
choosing to reimplement the needed common
functionality themselves. Historically this has
been for a variety of reasons, although time con-
straints are arguably the leading factors. Making
the situation worse, most EST package develop-
ment relies solely on grant funding. The result is a
perpetual cycle where established funding prece-
dent means that in order for a developer’s grant
application to be competitive, novel methodolo-
gies must be implemented quickly and cheaply to
maximize the production of scientific results.
Thus developers often accumulate technical debt
just to “get something working.” This leaves little
to no funding, or time, for repaying the already
accumulated technical debt. Today the typical
computational chemistry package has millions of
lines of poorly structured, monolithic code, often
with little to no reuse of the capabilities available
in other packages or even within itself, and little
to no developer documentation. This makes
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onboarding new developers, implementing novel
methodologies, and porting existing methodolo-
gies to new computer architectures increasingly
difficult. To make the situation worse, a typical
package is not able to take full (or any) advantage
of modern massively parallel platforms character-
ized by a great emphasis on data parallelism and
vectorization, deep memory hierarchies, and het-
erogeneous and/or configurable hardware.

NWChEM' has arguably been the de facto leader
in high-performance computing (HPC) within the
field of EST. Motivated largely by the challenges
imposed by exascale computing we have decided
to rewrite NWCHeM from the ground up. While the
original NWCHeM did and does have an active soft-
ware design process, the requirements of exascale
computing and the current architectural diver-
sity (many-core processors, graphical processing
units, multilevel memory hierarchies, etc.) alo-
ng with the additional requirements of advanced
methods have outstripped the original design.
The resulting new package, NWCHEMEX, is being
designed foremost for performance on the upcom-
ing exascale machines, but also for extensibility,
workflow integration, and interoperability. Key to
this effort is the simulation development enviro-
nment (SDE), which provides a framework for writ-
ing an EST package in terms of callbacks to
decoupled modules. As will be shown, this, in turn,
leads to an ecosystem in which it is straightforward
to introduce a new methodology, create an archi-
tecture-specific algorithm, or just call another
package in a way that minimizes the amount of
additional technical debt. It is our overarching goal
that the SDE will foster a software community
where researchers develop many SDE “apps,” each
for a specific task and architecture. Users of SDE
based packages can then go to “app stores” and
choose from among the myriad of available apps in
order to customize their package.

BACKGROUND

The SDE can be thought of as a successor to
the common component architecture (CCA), and
the associated CCA Forum.? The goal of the CCA
was to bring component-based software engineer-
ing practices to the scientific HPC communities.
Within the CCA, software is assembled in terms of
independent software units (called components).
Each component had to maintain a specific
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interface and was in charge of a specific task. Cod-
ing language interoperability was achieved via
the scientific interface definition language and
the BaBeL tool.® The result was that the compo-
nents could be assembled together into a larger
application in a “plug and play” manner thereby
promoting reusable, maintainable scientific soft-
ware. The CCA also helped handle the architec-
tural heterogeneity of supercomputers by
allowing components optimized for different
architectures to be swapped in and out.

Within the CCA chemistry community, efforts
were focused on enabling the molecular geometry
to be optimized from multiple quantum chemistry
packages,? combining multiple theoretical meth-
ods to improve multilevel parallelism® and reso-
urce utilization.® In addition to these high-level
efforts, there was also progress in standardizing
interfaces to lower level functions, like integral
calculations, which are an essential piece of most
quantum chemistry codes.” Ultimately the CCA
infrastructure was too heavyweight for most
developers, requiring multiple levels of software
to work together in a cumbersome manner with
linking the software components together taking
more development time than developing the com-
ponents themselves. Although the CCA Forum
was retired around 2010, the work done on stand-
ards and interfaces has continued to benefit the
quantum chemistry community to this day.

Standardization efforts within the scientific
computing community have recently been rein-
vigorated by the Molecular Sciences Software
Institute (MolSSI), which is a National Science
Foundation funded institute. In addition to estab-
lishing standards, the MolSSI is working with the
community to ensure that these standards are
adopted. While still early in the life of the project,
a draft schema® has been developed for EST out-
put data and NWCHeMEX will support this schema
in order to capitalize on connections with other
projects. Other elements of the MolSSI that are
relevant to this work are the training of computa-
tional molecular sciences software developers in
modern techniques for software engineering and
the organization of leadership and community-
lead workshops to engage the community in soft-
ware and standards development.

With the growing popularity of languages
designed around object-oriented (00)
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paradigms, such as C++ and PythoN, developers
in EST are gradually moving away from the proce-
dural paradigms of the legacy codes; conse-
quently, a number of EST packages embracing OO
paradigms have sprung up. Unlike legacy codes,
and with two notable exceptions,”!® generally
these OO codes are unconcerned with perform-
ance beyond a single node, rather they see them-
selves as platforms for rapid development of new
theories. For the most part, the ease of prototyp-
ing new methods comes from the fact that, co-
mpared to legacy codes, these packages tend
to better embrace good software practices. For
example, there has been a shift away from usi-
ng domain-specific languages for package input,
towards using established languages such as Py-
thon!'" or JSON*'%15 (JavaScript Object Nota-
tion) both of which integrate easily into typical
workflows. Encapsulation also plays a key role in
the design at both the algorithm level, by using
classes, as well as at the package level via librar-
ies. This, in turn, makes it easier to modify the
code without side effects. Somewhat more rec-
ently many of these OO codes®!#1316 have plac-
ed an emphasis on being able to easily extend
the package by standardizing APIs and providing
plugin mechanisms. Combined with MolSSI’s sta-
ndardization efforts, this paves the way for inter-
operability among packages.

At a high level, the biggest innovation the SDE
provides is automatic checkpointing of the cal-
culation. EST calculations are notorious for the
amount of compute time they require. Few EST
packages (legacy or OO) have more than a rudi-
mentary (if any) ability to save a calculation’s
state. As architectures become more complex,
hardware failures are going to become more
common. Furthermore, in order to truly inte-
grate into a dynamic workflow, it becomes essen-
tial to be able to refactor the workflow without
needing extensive recomputation. The SDE also
improves upon extensibility efforts pioneered by
other OO EST packages. In particular, the SDE
provides a plugin system that facilitates dynamic
modifications to nearly the entirety of the call
graph. By comparison, most other plugin sys-
tems”>!® only allow users to add plugins rela-
tively high on the call graph. This inhibits the
amount of customization a user can do without
actually modifying the package’s source code.
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ftinclude <SDE/SDE.hpp>
ftinclude <LibChemist/LibChemist.hpp>
f#include <SCF/SCF.hpp>

nt main() {
//Define molecular system
auto mol = LibChemist::make_molecule(
"H0.00.00.0
H0.00.00.9"

VOV U EWN =

10 | ),

12 | //Declare modules

13 | SDE:ModuleManager mm;

14 | mm.insert("SCF", [J(){return std::make_shared<scf::SCF>();});

16 | //Change parameters
17 | mm.at("SCF")->change_parameter("Energy Conv", 1.0E-6);

19 | mm.at("SCF")->change_submodule("F Builder",
20 [({return std::make_shared<scf::DFF>();});

22 | //Run calculation
23 | auto E = mm.run_as<LibChemist:Energy>("SCF", mol);

25 | return0;

import NWChemEx as NWX
from MyFBuilder import myF

# Make system

mol = NWX.make_molecule("""
H 0.0 0.0 0.0

H 0.00.00.9

")

[N R SV SRy

o

# Get preloaded ModuleManager
mm = NWX.get_module_manager()

oo

13 [# Change parameter
14 |my_scf = mm["SCF"]
15 |my_scf.change_parameter("Energy Conv", 1.0E-6)

17 f# Change submodule

18 |my_scf.change_submodule("F Builder", MyFBuilder.myF)
19
20 (# Run calculation

21 |E=mm.run_as(NWX.Energy, mol)

Listing 1. Input to NWChemEx for specifying an SCF calculation. Left example uses C++, right uses PyTHON.

SDE DESIGN

The goal of this section is to introduce and
demonstrate the key aspects of the SDE by work-
ing through an implementation of the self-consis-
tent field (SCF) method in NWChemEX. The SCF
method serves as the first order approximation
in EST. Almost all other methods in EST add
improvements to a reference wavefunction that
is computed with an SCF calculation. At a very
high level, the SCF method can be viewed as a
technique to compute the best initial guess for a
molecular system’s electron density P. P is
found by minimizing the energy of the system
with respect to P. Since the energy depends on
P, this process must be done iteratively. The SCF
procedure is summarized in Algorithm 1, where
the inputs to the procedure are an initial guess
at the electron density Py and a core matrix h
that does not change during the SCF procedure.
Without going into too many details, an impor-
tant part of the method is building F, the “Fock
matrix,” which can be done in multiple ways. We
point this out because, from the perspective of
the end-user, building the Fock matrix is encap-
sulated inside the SCF procedure. Thus through-
out the following, we show how the end-user can
influence the formation of F without modifying
the SDE or NWCHEMEX source code.

Input Layer

Listing 1 shows an example NWCHeMEX input
for running an SCF computation on the hydrogen
molecule. For comparison purposes, we show
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both the C++ and PytHoN versions. Lines 1 to 3
of the C++ example in Listing 1 illustrates a cen-
tral tenet of NWCHEMEX, modularity. Three of the
main components of the software stack-the SDE,
LiBCHEMmIST, and SCF-are implemented as indepen-
dent, modular components, and are only bro-
ught together here at the highest level (these
components are automatically imported when
you import NWCHEMEX in PyTHON). We have cho-
sen to write these components in C++ because
of the support for and efficiency of C++ on cur-
rent HPC systems. The C++ base also leads to a
higher level of API stability (C++ places more
restrictions on an API than PytHoN does, and so
needing to convert a PyrHon API to C++ could
break existing implementations). Nevertheless,
the PytHon bindings provide a convenient inp-
ut layer and enable others to extend NWCHEMEX
from PyTtHoN if they so choose.

Algorithm 1. High-level overview of the SCF
procedure

function SCF(P,, h)

Eoq <0

while not converged do
Form F(Py)
Use F to form P
Check convergence
P() — P
Eoq +— ESCF

end while

return Egop

end function
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After importing the necessary components,
both examples create the molecular system. In
keeping with typical OO practices, NWCHeMEX
utilizes software abstractions for common EST
concepts. The APIs and implementations for
these abstractions form LiBCHEMmIST. In contrast to
most of the other OO EST packages, chemistry
abstractions in NWCHeEMEX are implemented on
top of the framework and are not part of it. This
decreases the coupling between the SDE and
NWCheMEX and facilitates the use of the SDE and
LiBCHEMIST by other packages.

On lines 13 and 14 of Listing 1, the C++ code
continues by declaring and filling an instance of
the ModuleManager class. These lines begin to
introduce the SDE and the module concept.
Within the context of the SDE, every major aspect
of an algorithm is encapsulated within entities
termed modules. Modules are analogous to com-
ponents in the context of the CCA and plugins
in MPQC,9 Pyscr,'? and Psi4,' unlike MPQC'’s and
Psi4’s plugins, modules are much more fine-
grained and permeate the entire call graph. Each
module performs a specific task, e.g., computing
an energy, calculating an initial density, or build-
ing F. The task a module performs is codified by a
class called its “property type.” For example, the
Energy class is the property type for modules
that compute energies. We have attempted to put
minimal restrictions on each property type, only
requiring that it derives from SDE::ModuleBase
and that it defines a function run, which is the
entry point into the module. From a design stand-
point, this is similar to how Pyscr’s plugins work,
except that SDE modules also have the added
benefit of type safety.

The ModuleManager is the software abstrac-
tion of the SDE framework. Loading a module into
the ModuleManager means associating a module
key with a callback function (an opaque function
provided as input to another function) for creat-
ing the module. The module key is a unique string
label (here “SCF” is used as the module key) that
is associated with a particular instance of a mod-
ule. The module key provides a mechanism for
referring to a particular instance of a module.
Generally speaking, each module contains a set
of module keys for the “submodules” it will call.
The resulting call graph is known to the Module-
Manager and in turn, the ModuleManager is
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capable of manipulating the graph. Thus one can
interject a particular module into the call graph
simply by providing the ModuleManager with the
module key for the parent module and the mod-
ule key for the new submodule. This should be
contrasted with Pyscr, which provides similar
capabilities, but requires the plugin to be for-
warded through the entire call graph. The deci-
sion to take a callback allows the SDE to remain
agnostic to the details of the module’s creation
and facilitates dynamically loading modules (see
line 18 of the PyrHoN example in Listing 1). The
callback itself is stored in a type-erased manner
so that the SDE remains decoupled from not only
the exact type of the module but also from the
module’s property type. Admittedly, this design
results in needing to register every possible mod-
ule with the ModuleManager. While there is no
way around this explicit registration, users are
typically insulated from it by convenience func-
tions; Line 11 of the PyrtHon example in Listing 1
shows the typical use of such a function.

Like plugins in MPQC and Psi4, modules
within the SDE have state. In particular, we ass-
ociate a set of parameters, submodules, and
metadata with each module instance. Allowing
modules to have state greatly facilitates mani-
pulating deeply nested modules. For example,
assume module A calls module B, which calls
module C. If we want to change the parameters of
module C with the SDE we simply ask the Mod-
uleManager for C and modify the parameters of
the resulting instance. For stateless plugins, like
those In Pyscr, however, the parameters for mod-
ule C need to be forwarded through modules A
and B in order for C to be able to use them. In the
input examples in Listing 1, lines 17-20 of the
C-++ example and lines 15-18 of the PyTHON exam-
ple show how to change the parameters. Lines 19
and 20 of the C++ example and line 18 of the
PytHON showcase another way by which it is pos-
sible to change the submodule, i.e., by providing
a new callback. After swapping the submodule
both examples4 are configured and the last state-
ment calls the SCF module to obtain the energy of
the hydrogen molecule.

Module Design

Moving deeper into the details of the SCF
example, Listing 2 shows how the Energy property

Computing in Science & Engineering



[éinclude <SDE/SDE.hpp>

#include <LibChemist/LibChemist.hpp>
l#include <Integrals/Libint.hpp>
finclude <SCF/Fock.hpp>

truct Energy : SDE::ModuleBase {
/Defines the Energy property type API

irtual Tensor run(const LibChemist::Molecule& mol,
std::size_t deriv = 0) = 0;

SOOI TR ® N
= £y

13 Ktruct SCF : Energy {
4

15 5CF() {
16 | add_submodule<scf::Fock>("F Builder");
17 | /1...register rest of submodules

19 [ add_parameter<double>("Energy Conv");
20 | //..register rest of parameters

22 | add_metadata<MetaProperty:version>("1.0.0");
23 | /1..set rest of metadata

126 [Tensor run(const LibChemist::Molecule& mol,
27 std::size_t deriv=0) override {

29 | //Get the atomic orbital basis set
30 | auto basis_name = parameters().at<std::string>("basis");
31| autobs = LibChemist::apply_basis(basis_name, mol);

B3 | //Get h matrix and initial density
34 | auto h =run_submodule_as<CoreHamiltonian>("h Builder", mol, bs);
35 | auto PO = run_submodule_as<GuessDensity>("Initial Density", mol, bs);

37 | Tensor Eold = 0;
38 [ bool converged = false;
B9 | do{

140 auto F = run_submodule_as<FockBuilder>("F Builder", mol, bs, h, P0);
a1 auto P = run_submodule_as<UpdateDensity>("P Builder", mol, F);

142

43 auto E = P("mu", "nu")*(h("mu’", "nu") + F('mu", "nu");

a4 converged = check_convergence(E, Eold, P, PO, F);

145

146 PO=P;

a7 Eold = E;
148 | }while(converged);
{49 | return Eold;

1 [import NWChemEx as NWX

2

B |class SCFINWX.Energy):

4 def _init_(self):

5 self.add_submodule(NWX.Fock, "F Builder")

6 #..register rest of submodules

7

3 self.add_parameter("Energy Conv")

9 #...register rest of parameters

10

11 self.add_metadata(NWX.MetaProperty.version, "1.0.0")

12 #...add rest of metadata

13

14 | def run(self, mol, deriv=0):

15

16 # Get atomic orbital basis set

7 basis_name = self.parameters().at("basis")

18 bs = NWX.apply_basis(basis_name, mol)

19

20 # Get h matrix and initial density

1 h = self.run_ _as(NWX.Cor "h Builder", mol, bs)
22 PO = self.run_submodule_as(NWX.GuessDensity, "Initial Density", mol, bs)
23

24 Eold = NWX.Tensor()

25 converged = False

26

7 while not converged:

128 F = self.run_submodule_as(NWX.FockBuilder, "F Builder", mol, bs, h, P0)
29 P = self.run_submodule_as(NWX.UpdateDensity, "P Builder", mol, F)
)

31 E = P("mu", "nu")*(h("mu", "nu") + F("mu", "nu"))

32 converged = check_convergence(E, Eold, P, PO, F)

B3

34 PO=P

BS Eold=E

36 return Eold

Listing 2. Definition of the SCF module. Left example uses C++, right uses PytHoN.

type, and the SCF module, which is derived from
it, can be defined in NWChemkEx. If a user wanted
to extend the SDE with a new property type or
module it is done via an analogous pattern. The
code begins in lines 6-11 of the C++ example by
defining the Energy property type, which is the
central property type for an SCF calculation. The
Energy property type only takes two inputs: the
molecular system (described by the LibChemist::
Molecule class) and the derivative order (i.e., the
default, 0, simply computes the energy, a value of
1 would return the gradient with respect to dis-
placements of the nuclear framework, etc.). One
might have expected to see more than two inputs,
since the SCF method requires input, such as the
h matrix shown in Algorithm 1. However, the
design philosophy for the SDE is to make the API
applicable to as many algorithms as possible. To
do this, we have distilled the set of possible input
parameters down to those common to most prop-
erty type implementations. Any additional input
required by a module is obtained by calling a sub-
module. The careful design of the API for each
property type is a consequence of C++ being a
statically typed language. For the various EST
packages with APIs defined in PytHon, less consid-
eration is required because of PytHON’s use of
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duck typing. While duck typing has the benefit of
flexibility, that flexibility means that at runtime
the modules are responsible for checking whether
the input parameters are acceptable or not. Even
something as simple as passing the arguments in
the wrong order is not detected until runtime for
PytHON-based APIs. In EST, this could mean losing
hours of work if the EST package does not use
checkpointing or save progress in some manner.
On the other hand, in C+-+-based APIs, which are
used in the SDE, the result would be a compile
time error, which avoids the runtime error
described above.

The remainder of the C++ example and the
entirety of the PytHon example in Listing 2 show
how one implements a module. In both cases, the
new module, SCF, derives from the Energy prop-
erty type. Since all modules of property type
Energy share a common base they can be used
interchangeably. For example, if one writes a
geometry optimizer in terms of the Energy prop-
erty type, that optimizer would immediately be
usable with all modules derived from Energy.
While this is a simple OO idea, many EST packages
have features that are unavailable for certain
methods simply because the developer was
unaware they needed to modify the package
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#tinclude <SDE/SDE.hpp>

#include <LibChemist/LibChemist.hpp>
ftinclude <Integrals/Libint.hpp>
#include <SCF/Fock.hpp>

struct DIIS : FockBuilder {

[Tensor run(const LibChemist::Molecule& mol,
const LibChemist::AOBasisSet& bs,

10 const Tensor& h,

11 const Tensor& P0) {

VOV R WN =

12 | auto F=run_submodule_as<FockBuilder>("F Builder", mol, bs, h, PO);
13 | auto error = compute_error(F, PO);

14 | auto newfF = extrapolate(error);

15 | return newF;

|

import NWChemEx as NWX

class DIIS(NWX.FockBuilder):
def run(self, mol, bs, h, p0):
F = self.run_submodule_as(NWX.FockBuilder, "F Builder",
mol, bs, h, P0)
error = compute_error(F, P0)
newF = extrapolate(error)
return newF

VN U s NS

Listing 3. lllustrating DIIS, using nested modules. Left example uses C++, right uses PyTHON.

in additional places to enable that functionality.
Property types help mitigate such situations
because there are no special modifications req-
uired once the module is written.

In Listing 2, after the Energy property type
definition, the SCF module is defined beginning
at line 13 in the C++ example and line 3 in the
PytHon example. In the default constructor for
the class, the first line (and the lines elided
by the subsequent comment) declares the sub-
module callback points and the default submod-
ule to use at that point. Next, the code examples
declare the parameters associated with the alg-
orithm. Within the SDE, parameters are algorith-
mic details, such as scale factors and thresholds.
To our knowledge, this is unique to the SDE as all
other EST packages use parameters to switch
between algorithms. While this may seem like a
trivial distinction, it makes extending the code
easier. For example, assume that during the SCF
there are two different ways to build the Fock
matrix, such as by using core memory and using
the disk. Other EST packages then define a par-
ameter, which is then utilized by a control struc-
ture, to switch between Fock build algorithms.
In most cases, if another Fock build is added,
another parameter is needed, and the control
structure needs to be altered. Consequently, the
API of the SCF becomes coupled to the choices
for the Fock builder. Depending on how the
dispatch is handled, the resulting code may ob-
scure the control flow and inhibit parallelization.
Within the SDE, however, this coupling is av-
oided by simply switching the submodule that
the SCF uses. The constructor declaration ends
with the specification of metadata associated
with the module. The metadata are items such as
the version of the module, a description of what
it does, and citations associated with it. Although

not present in the SDE at the moment, one of our
goals is to automate the generation of documen-
tation for the module. This would be done by
inspecting the module to obtain the parameters
associated with it (and their default values) as
well as the available callback points (and the
default modules used). The other purpose of the
metadata is to allow the caller of a module to
figure out exactly what module they are calling.

The remainder of the code example in List-
ing 2 implements the run function of the SCF
module. Lines 29 to 35 in the C++ example and
lines 17 to 22 of the PyTtHoN example obtain the
remainder of the input, not provided by the
Energy property type, but required for the SCF.
In the iterative portion of the SCF procedure
(line 39 in the C++ example and 27 in the
PytHon example in Listing 2, and line 3 of Algo-
rithm 1), submodules are invoked to calculate
needed quantities. On line 40 in the C++ exam-
ple and line 28 in the PyrHoN example, we co-
mpute the Fock matrix by calling a module of
property type FockBuilder. Note that there is no
control logic to select which module to call; the
SDE will automatically make sure that the mod-
ule resolves to the choice made in Listing 1 (the
DFF implementation in C++ and the myF imple-
mentation in PYTHON).

Readers familiar with the SCF procedure
know that a production level SCF requires many
additional considerations aside from those sho-
wn in Algorithm 1. For example, it is common to
use numerical techniques to accelerate the con-
vergence of the SCF process. The most popular,
direct inversion of the iterative subspace (DIIS),
uses the generated F matrix and extrapolates it
towards convergence based on the errors of the
previous iterations. Typically such a step would
be coded explicitly between lines 40 and 41 of

Computing in Science & Engineering



the C++ example in Listing 2. However, because
of the module design in the SDE, we can add DIIS
to our SCF without modifying Listing 2. To do
this we nest FockBuilder instances. Listing 3
shows an implementation of DIIS, using nested
modules, omitting the details of the actual DIIS
algorithm for clarity. In Listing 3, on line 12 of
the C++ implementation and line 5 of the PyTtHoN
implementation, the DIIS module calls another
FockBuilder to get the F matrix, computes the
error in that F matrix, and uses the error to pro-
duce a better guess, which it then returns. To
the SCF module, the use of DIIS is opaque. In fact
by nesting many FockBuilder modules it is possi-
ble to create an arbitrarily complicated Fock-
Builder; for example, one could implement a
FockBuilder so that one submodule is used
when the error is above a certain threshold, and
a different submodule is used for smaller errors.

As the DIIS example shows, writing a nested
module is straightforward and users can do it
from the input. This allows users to have fine-
grained control over printing (for example write a
FockBuilder that prints the F matrix and then
returns it), introduce ad hoc algorithms that lack
generality (e.g., on iteration 4 follow root 3), or to
implement a completely new algorithm. Nesting
modules is also useful for exploiting parallelism.
For example, one can maintain a single process,
multiple data model by having an outer Fock-
Builder, parallelize over calls to a series of smaller
FockBuilder calls. Eventually, it is our goal to have
modules that automate the selection of the algo-
rithm given the characteristics of the computer
system. Nesting modules achieves this by allow-
ing the top-level module to contain the automa-
tion logic necessary to select the appropriate
module to call, in an opaque manner.

SDE Layer

The reader may have noticed that in the Input
Layer section, we did not invoke the SCF module
directly, rather we used the run_as function (see
Listing 1). Similarly, while writing the SCF example
module we did not directly call the run member of
the submodule, instead, we used the run_submo-
dule_as function (see Listing 2). Algorithm 2
shows the internals of the run_as function. (The
run_submodule_as function is a thin wrapper
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around run_as, so the behavior is the same as the
run_as function.)

It is evident that the run_as function is not sim-
ply a thin wrapper around the call to run. Rather,
run_as gives control to the SDE to enable automa-
tion of a number of common tasks. At the moment
the SDE is capable of automating error checking,
as well as saving/loading of the calculation’s state.
Efforts to automate performance optimizations
(e.g., accelerator offload, parallelization, and intel-
ligent algorithm selection) are ongoing.

Algorithm 2. High-level overview of the

run_as function

function run_as(args. . .)
if not_ready()
throw “Not ready”
end if
lock()
hv < memoize(args. . .)
if hv not in cache
value < run(args. . .)
cache[hv] = value
end if
return cache.at(hv)
end function

Nearly every EST package has some sort of
option/parameter system. Inevitably, some of
the option values must be subject to constraints.
For example, specifying a negative number of
iterations is meaningless. Consequently, in most
EST packages the first several lines of code in
a routine are dedicated to error checking the
options. The SDE automates error checking of
options by allowing the module developer to
provide callback functions for checking an op-
tion’s value (although the use of such callbacks
is not shown in Listing 2 for simplicity). Ensuring
that these callbacks pass for each option is one
of two things the not_ready function does. The
other purpose of the not_ready function is to
ensure that each required submodule callback is
set and ready, i.e., not_ready is called recur-
sively on each submodule as well. If the module
or any of the submodules are not ready, then the
call throws.

Once the SDE verifies that the module is
ready to be run it locks the module and all sub-
modules. A locked module can no longer have
its options or submodules modified (the lock
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occurs after the check to provide the user a
chance to rectify any of the errors preventing
the module from being run). In designing for
HPC environments one has to be mindful of data
races. Locking is one safeguard for this. Locking
is also essential for the next step of the run_as
function, memoization. In computer science, me-
moization is a technique where the result of an
expensive call is stored and the next time that
call is performed, the cached value is simply
returned. The cached values are uniquely ind-
exed by the input parameters provided during
the function execution. By locking the state of
the module, we guarantee that the output of the
module is solely determined by the input (as-
suming the module is deterministic).

Within Algorithm 2, the actual memoization
occurs by first obtaining a hash representing the
state of the module and the arguments. Next,
we check to see if the hash is present in the
cache (the cache is essentially a hash table).
If the value is present we simply return it. If the
value is not in the cache we call the module, add
the value to the cache, and then return the
cached value. Given that all of the important
results computed in an EST program are the
result of calling a module, the cache will contain
all of the important results obtained so far.
Hence, storage of the cache suffices as a record
of the calculation. Furthermore, if the same
calculation is run again, with the cache from
the previous run, the entire calculation will be
memoized. This provides a straightforward me-
chanism to checkpoint the calculation by per-
iodically backing the cache up. As an added
bonus, this mechanism is handled automatically
by the SDE so that module developers do not
have to manually implement restart logic.

Memoization is also important for avoiding
global states. Global states, including files, are
undesirable from a parallel perspective as they
make control flow hard to reason about. In many
legacy codes global states are used to get
around the rigidity of the APIs. The SDE’s reli-
ance on property types poses the same problem.
For example, in the SCF method the Fock matrix
is a linear combination of three matrices: h, J,
and K. The FockBuilder property type takes an
instance of h, but does not take J or K. It turns
out that the most computationally expensive
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step of the SCF is building J and K. Hence, once
we have built J and K, we do not want to rebuild
them unless absolutely necessary. This is where
the rigidity of the FockBuilder property type is
prohibitive. Since instances of FockBuilder do
not return J and K, without memoization and
without global states, J and K would need to be
recomputed. With memoization, however, we
can obtain J and K with minimal overhead, sim-
ply by recalling the submodule that built J and K
within the FockBuilder.

SUMMARY AND OUTLOOK

The SDE provides a mechanism for interoper-
ability and flexibility in package composition.
The various components of the SDE allow for
multiple modules and submodules that can pro-
vide new methodological approaches to calcu-
lating similar properties as well as allowing for
optimization of performance based on hardware
and software architectures. The transparency to
both users and developers of the Parameters
and Cache classes provides a spectrum of ways
to interact with the modules ranging from begin-
ner, where all of the defaults are set, to expert,
where many of the options can be changed and
used in unique manners to quickly build and pro-
totype new functionality. While the SDE is flexi-
ble, the APIs for each property type are not,
once they have been defined. However, this is a
strength when coupled with community-driven
standards development such as those of the
MolSSI. Future development efforts will focus on
expanding the property types, modules, and sub-
modules that are available through the frame-
work. Particular areas of interest include APIs
for the calculation of atomic integrals, localized
orbitals and higher level correlated methods
with sparse representations.

ACKNOWLEDGMENTS

This work was supported by the Exascale
Computing Project (17-SC-20-SC), a collaborative
effort of the U.S. Department of Energy Office
of Science and the National Nuclear Security
Administration. Argonne staff support was pro-
vided by the ALCF Aurora Early Science Pro-
gram. This work used resources of the Argonne
Leadership Computing Facility, which is a DOE

Computing in Science & Engineering



Office of Science User Facility supported under
Contract DE-AC02-06CH11357. The work of B.
Pritchard was supported by the MolSSI under
NSF grant ACI-1547580.

B REFERENCES

1. M. Valiev et al, “NWChem: A comprehensive and
scalable open-source solution for large scale molecular
simulations,” Comp. Phys. Commun., vol. 181, no. 9,
pp. 1477-1489, 2010.

2. D.E. Bernholdt et al., “A component architecture for high-
performance scientific computing,” Int. J. High Perform.
Comput. Appl., vol. 20, no. 2, pp. 163-202, 2006.

3. A. Cleary, S. Kohn, S. G. Smith, and B. Smolinski,
“Language interoperability mechanisms for high-
performance scientific applications,” SIAM Workshop
Object-Oriented Methods Interoperable Scientific Eng.
Comput., Yorktown Heights, NY, vol. 9, Oct. 1998.

4. J. P. Kenny et al., “Component-based integration of
chemistry and optimization software,” J. Comp.
Chem., vol. 25, no. 14, pp. 1717-1725, 2004.

5. T.P. Gulabani et al., “Development of high performance
scientific components for interoperability of computing
packages,” in Proc. Spring Simul. Multiconf., 2009,
pp. 111:1-111:6.

6. M. Krishnan, Y. Alexeev, T. L. Windus, and J. Nieplocha,
“Multi-level parallelism in computational chemistry using
common component architecture and global arrays,” in
Proc. ACM/IEEE SC Conf. Supercomputing, Nov. 2005,
pp. 23-23.

7. J. P. Kenny, C. L. Janssen, E. F. Valeev, and T. L.
Windus, “Components for integral evaluation in quantum
chemistry,” J. Comp. Chem., vol. 29, no. 4, pp. 562-577,
2008.

8. C. L. Janssen et al., “Enabling new capabilities and
insights from quantum chemistry by using
component architectures,” in Proc. J. Phys. Conf.
Ser., 2006, vol. 46, no. 1, p. 220.

9. C. Janssen, E. Seidl, and M. Colvin, “Object-oriented
implementation of parallel ab initio programs,” in Proc.
ACS Symp. Series, Parallel Comput. Comput. Chem.,
1995, vol. 592, pp. 47-61.

10. S. Toru, “BAGEL: Brilliantly advanced general electronic
structure library,” WIRES: Comp. Mol. Sci., vol. 8, no. 1,
p.e1331.

11. R. Muller, “PyQuante-Python quantum chemistry,” (2009).
[Online]. Available: http://pyquante.sourceforge.net/

March/April 2019

12. Q. Sun et al., “PySCF: The Python-based simulations of
chemistry framework,” WIRES: Comp. Mol. Sci., vol. 8,
no. 1, p. €1340, 2017.

13. R. M. Parrish et al, “Psi4 1.1: An open-source
electronic structure program emphasizing automation,
advanced libraries, and interoperability,” J. Chem.
Theory Comp., vol. 13, no. 7, pp. 3185-3197, 2017.

14. T. Verstraelen et al., “Horton 2.1.0,” 2017. [Online].
Available at: http://theochem.github.com/horton/

15. L. A. Burns et al., “A schema for quantum chemistry,”
2018, [Online]. Available at: https://github.com/
MolISSI/QCSchema

16. V. W. zhe Yu et al., “Elsi: A unified software interface
for Kohn-Sham electronic structure solvers,” Comput.
Phys. Commun., vol. 222, pp. 267-285, 2018.

Ryan M. Richard is an Associate Scientist with
Ames Laboratory, Ames, |IA, USA. His research
interests include scientific software design, high-
performance computing, and electronic structure
theory method development.

Colleen Bertoni is an Assistant Computational
Scientist with Argonne National Laboratory, Lemont,
IL, USA. Her research interests include high-
performance computing, electronic structure theory,
and programming models.

Jeffery S. Boschen is a Postdoctoral Research
Associate with Ames Laboratory, Ames, IA, USA. His
research interests include high-performance com-
puting, and electronic structure theory.

Kristopher Keipert is an Assistant Computa-
tional Scientist with Argonne National Laboratory,
Lemont, IL, USA. His research interests include
high-performance computing, lossy compression
and reduced precision techniques for scientific
computing, analytical performance modeling, and
electronic structure theory.

Benjamin Pritchard is a MolSS| Software Scien-
tist. His research interests include computational
chemistry frameworks and development of high-per-
formance electron repulsion integrals.

Edward F. Valeev is a Professor of Chemistry with
Virginia Tech, Blacksburg, VA, USA. His research
interests include the electronic structure of molecules
and materials.

Robert J. Harrison is the Director with the
Computational  Science  Center, Brookhaven

o7


http://pyquante.sourceforge.net/
http://theochem.github.com/horton/
https://github.com/MolSSI/QCSchema
https://github.com/MolSSI/QCSchema

58

National Laboratory, Upton, NY, USA, and a Profes-
sor of applied mathematics and statistics with
Stony Brook University, Stony Brook, NY, USA. His
research interests include high-performance com-
puting and nontraditional electronic structure theory
methods.

Wibe A. de Jong is a Senior Scientist with Law-
rence Berkeley National Laboratory, Berkeley,
CA, USA. His research interests include

Accelerating Scientic Discovery With Reusable Software

scientific software development for parallel HPC
platforms within the context of computational
chemistry methods.

Theresa L. Windus is a Distinguished Professor of
Chemistry with lowa State University, Ames, 1A, USA,
and a joint employee with Ames Laboratory, Ames, |A,
USA. Her research interests include high performance
computing, software interoperability and engineering,
ligand design, and reaction mechanisms.

Computing in Science & Engineering




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


