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Abstract— Advances in materials science, chemistry, and self-assembly are
anticipated to enable the fabrication of massively parallel computer systems. An
important aspect of this development is the design and evaluation of system-level
interactions and performance based on the fundamental properties of emerging
nanoscale devices on real computer applications.

This paper will present the design, evaluation, and fabrication theory for an
emerging DNA self-assembly process as applied to a parallel computer architecture
that is uniquely enabled by self-assembly. A brief evaluation of the architecture (a
decoupled array multiprocessor or DAMP) will be presented in terms of peak runtime
performance and power consumption.

1. Introduction

Nanoscale science and technology are advancing rapidly and the proof-of-concept
demonstrations that fuel the development of these emerging devices have begun to
find real applications [1-4]. Full system evaluation is becoming an important aspect of
the development of new applications that are enabled by these new technologies. The
clean abstractions that define conventional computer architecture are insufficient for
dealing with the dramatic change between the behavior of nanoscale and microscale
technology.

Several computer architectures have emerged that address the importance of the
technological layer in system performance [5-13]. Even conventional scaled CMOS is
beginning to experience an increase in the degree of coupling between device
architecture, system or computer architecture, and the raw technology.

The degree of feedback between the architectural level and device level defines the
abstract division between the two. That is, tight coupling between the computer
architecture and the device technology blurs the line between them and makes
independent optimization of either side unproductive. The linearity of a design and its
optimization (or an ability to treat the entire system as a linear composition) is failing
because of the changes in the technological layer and underlying assumptions about
device performance and capabilities.

Nanoscale and molecular scale devices increase the coupling between design levels
through: (i) non-uniform device properties, (ii) high defect rates, (iii) high fault
generation rates, and (iv) a limited scale of device integration. A comprehensive list is



beyond the scope of this paper but all these aspects play an important role in any
nanoscale computer architecture.

The response to this challenge is to evaluate all levels of the design simultaneously
in a multi-scale fashion. This paper will describe a full system evaluation framework
within the context of a DNA self-assembling technology. Section 2 provides the
assumptions and background to the device and computer architecture evaluation
frameworks, and section 3 describes a case study of the DAMP.

2. Self-Assembled Computer Evaluation Frameworks

In contrast to spatial or tile computing [14, 15] or scaffolding by DNA tiles [16]
the device architecture described here adopts an approach where DNA self-assembly
guides the placement of nanoelectronic components [17-19]. A framework for
evaluating device properties is presented before describing some of the metrics used
to evaluate computer architectures.

Device Architectures

The term “device” as used to describe the technology for implementing a computer
system is an abstract concept that generally refers to a highly non-linear switch (e.g., a
transistor). The development of new technological paradigms has expanded the notion
of what a suitable device can be. And the differences in this definition can be large:
from resonant tunneling diodes (RTDs) to nanoscale field-effect transistors (FETS) to
the presence or absence of a protein.

Each device can be viewed in terms of the following characteristics:

(i) Linear signal transduction
The quality of how the device can be interconnected so that an information
bearing signal can be propagated with linear loss (e.g. small protein diffusion through
a cell membrane, Ohmic losses for electron/hole currents in metals, etc.) The time
delay (at an operating frequency) for this transduction is important to performance
evaluations.

(i) Non-linear signal modulation by another signal
The non-linear modulation of a signal by a device is universally important to
computer systems (analog or digital). The modulation can be synchronized in time
(e.g., three terminal devices like transistors) or not (e.g., two terminal molecular
switches). The quality and time delay of this modulation is relevant to noise immunity
and performance (e.g., transconductance or transimpedance of an amplifier in an RLC
environment).

(iii) Signal amplification / restoration
Unless the linear signal transduction mechanism and non-linear modulation
are truly lossless, signals will degrade during propagation to other device elements.



Either the device must amplify, or restore (as in CMOS), the information bearing
signal per stage or the circuit design must be sufficiently shallow that the signal
degradation is acceptably low.

(iv) Signal noise immunity
A signal will incur some form of noise (Johnson / thermal, shot, 1/, etc.) if
the device is operated above OK. Noise suppression is related to signal restoration but
a device must be evaluated in terms that capture the influence of noise on the
information bearing signal.

(v) Circuit patterning and interconnect
Most interesting computer systems require many devices to be
interconnected in non-planar circuit topologies. This means that devices must support
fan-out (or multiple output destinations). This is related to the device’s ability to
amplify a signal for multiple sinks. The interconnection network is equally important
(related to signal transduction) but must be evaluated in terms of pitch and minimum
feature sizes as well as defect rates and effective interconnect density.

(vi) Scale of device integration
Many devices must be integrated to create a computer system. The number
of devices that can be integrated into a common interconnection network determines
the number of resources available for computing. The scale of the device and
interconnection integration will impact the kinds of architectures that can be built
upon the technology.

(vii) Energy consumption

The energy loss during transduction, modulation, and
amplification/restoration are important to understand the system-level implications of
the device. Further, the operational mode and environmental requirements of the
device are fundamentally important in determining the full system energy budget. For
example, cryogenic cooling consumes vastly greater quantities of energy than most
multiprocessor clusters — high temperature (i.e., room temperature) operation is
important.

The device characteristics listed above represent a large dimensional space and
simulation tools are important in navigating the design tradeoffs. Device level
simulators commonly model the operational modes of a device using analytical
derivations or empirical data from laboratory devices. The results of these simulations
are distilled into figures of merit (e.g., energy per transition, transition delay, etc.) and
used in higher-level architectural simulators.

The case studies presented in section 3 rely on the detailed device simulation of a
ring-gated FET (RG-FET) and a highly doped silicon rod by the PISCES Ilb drift-
diffusion simulator [19]. This level of modeling captures the behavior of the devices
to describe all of the characteristics required to be suitable for a large-scale computer
system.



Computer Architectures

The evaluation of a computer design requires behavioral simulators that can bridge
the gap between device-level methodology and system-level methodology. The gap
exists because of the large number of simulation resources required to accurately
model (i.e., to simulate with single cycle accuracy) the performance of a large
computer system.

Some of the commonly used metrics include execution time of an application or
benchmark, cycles per instruction (and/or instructions per cycle) for a benchmark, and
average power or total energy consumption. Although commonly misused, the system
clock frequency plays an important but ultimately ancillary role in system
performance.

The choice of benchmarks, or code fragments that represent real user applications,
is important in making the simulation results meaningful to real end users. For
example, an architecture that has been optimized to perform contrived code sequences
may appear to be a breakthrough but in reality can never be applied.

For similar reasons the simulation framework must accurately model the
architecture so that real instruction and data streams can be executed. During the
simulated execution performance data is collected to calculate the values of the
metrics. The performance data is modeled behaviorally using the device-level metrics
collected during the detailed device simulations (e.g., delay per transition, energy
consumed per transition, etc.) For example, when a signal in the system transitions
from one value to the next, an energy penalty can be “charged” to it and accumulated
over the execution of the program to estimate total energy consumption. A similar
method is used to collect timing information.

3. Case Study: the DAMP

Tightly coupled systems have complex objective functions which make the process
of optimizing their performance difficult. The architecture presented here is a brief
description of such a system to illustrate the design approach [13, 20].

The device architecture used to model the DAMP is based on nanoscale rod/tube
components assembled by DNA-guided self-assembly [19-21]. The assumption here
is that each type of component can be individually assigned to a specific location in
the circuit. Further, the DNA junctions between components can be metallized to
create Ohmic contacts between the rod ends. Custom design tools were developed to
enable the creation of circuit models that implement the logic and memory functions
required by the architecture. Due to the conventional electronic behavior of the RG-
FET and interconnect (verified using the PISCES Ilb simulations) the requirements of
the device outlined in section 2 are satisfied. What remains is to demonstrate that the
architecture has good performance on a useful application.

The DAMP is a single-instruction multiple-data (SIMD) system design that uses
simple processing elements (PEs) in parallel to solve optimization problems.
However, the constraints placed on the design by the nanoscale self-assembly



technology changes the fundamental assumptions about how the system can work.
For instance, the design relies on a single input and output channel that is shared
between all PEs. This restrictive 1/0O design is indeed a performance bottleneck but
eliminates the challenge of interfacing a high density nanoscale device array with
microscale circuitry. Without feedback between the device and architecture levels
unreasonable assumptions will create a design that can not be supported by the device
technology.

The design approach involved modifying (severely) a typical assumption about 1/0
connectivity because the underlying technology did not readily support such
connectivity. The scale of device integration supported by self-assembly is another
example of a technological constraint that has dramatic implications on the computer
architecture. Reduced levels of integration constrain the logical size of a PE i.e., fewer
devices per PE mean simpler functionality per PE. The only way this can make sense
is if there are many PEs, even if they are simple. Self-assembly has the potential to
organize molar-scale numbers of components which amount to 10*? to 10*° assembled
devices (at 100 uM concentrations) depending on process yield and defect rates. This
requires feedback between
the device layer and the
architecture or the final
design will be impractically

large for a single PE. Acc E
Each PE in the DAMP Q ﬂ

uses about 1500 RG-FETSs to ﬂ ﬂ ﬂ

implement a register file, and ay yaliy yanyanya
accumulator, and a set of 1 i f
simple bit-serial operations as E}
illustrated in figure 1. _ Status bits

The peak performance of [Bl[c|D][R][s]W
the full DAMP (with 10%
PEs) on Slmple’ local (le, no Figure 1: Schematic structure of a Single DAMP

1/0 involved) ALU processing element.
operations is compared to some other machines in table 1.

Table 1. Peak performance comparison

Machine Peak ALU (16-bit)
operations per second
DAMP ~10%
IBM BlueGene /L ~10%
NEC Earth Simulator ~10"
Intel P4 ~10

4. Conclusions

Nanoscale self-assembled technologies are blurring the clean abstractions between
device and computer architectural levels. The consequence of this is an increase in the



coupling between device level design and full system design. The optimization of the
full system is more difficult because there is little independence between the levels.

Full system evaluation requires a framework of metrics and device characterization
that spans the divide between the abstract computer architecture and device
architecture. A comprehensive framework must use detailed simulation at all levels
but do so in a computationally efficient manner. The multi-scale simulations
described here are commonly used to bridge this gap. The detailed simulation of
devices is used to extract values for metrics that apply to the next level of the design
that will ultimately be used by behavioral simulations of the full system. Full system
metrics of the system performance are the end goal of the process to justify further
study and implementation of the system.
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