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Abstract the specific issues of MEMS. Rather, system complexity
has been pushed to the software abstraction level, where

Micro-Electro-Mechanical (MEMS) sensing and actua- "€al-time operating systems and clever programming are ex-
tion devices are poised to reinvent the cyber-physicalavorl Pected to fill the gap. In this space, sporadic, environment-
by providing environmental connectivity in unprecedented driven execution are often well represented by event-based
ways. MEMS accelerometers and transducers open themModels. In our work, we propose to address the growing
door to sensor networks embedded in physical structures,COmMplexity in specifyingcorrect system behavior through
armed with the ability to monitor structural integrity. Suc ~ use of latency-insensitive, or event-based, semantic mod-
applications are the hallmark of deeply embedded systems€ls. Such models are applicable at hardware, software, and
where autonomy, communication, and cyber-physical inter- System architecture levels of abstraction. We argue that an
action play pivotal roles in system effectiveness. Retidiza ~ @Pplicative, rule-based language([4] is a natural fit fos thi
of these next-generation embedded systems will require exSemantic model and that this flow enables a single specifi-
pertise spanning a variety of domains, further exacerlgatin Cation to target a range of hardware implementations that
the already significant integration effort of modern design tradeoff power and performance without sacrificing behav-
To this end, we propose a system-level design methodologjPral correctness.
that promotes functional correctness through specificatio 2 Architecting Systems

of latency-insensitive (or event-based) behavior.
Meeting system-level constraints in modern embedded
environments has become a daunting task, and in the
1 Motivation field of MEMS, requires high-performance custom ASIC
Micro-Electro-Mechanical-Systems (MEMS) are posi- impl_ementations[Z] to support control functionality_. N
architectures offer viable alternatives to commodity Bffe

tioned to be fundamental components in future cyber- .

physical systems, by allowing deeply embedded systems tdngs by exploiting characteristics of both the applicaton

interact with the physical environment. Widespread avail- vironment and execution patterns{5]. Unfortunately, arch

ability of devices such as accelerometers, gyroscopes; pre tectur_e_ exploration IS a costly and complex_task which of-
sure transducers, and even complex arrays of thousands otFn m|t|gqtes ex_tenswe use of custom grchﬂectures.. Mgch
micromirrors[1], enables system miniaturization and rixobi of the d|ff_|culty n the architectural design process lies in
ity at unprecedented levels. Despite the promise of MEMStemporal mtegratlon of componeqts. Interfac§§ tenq tq -be
devices, realizing practical, portable, and autonomoss sy both physically and tempora_lly d|vers¢, requiring signifi-
tems is remarkably difficult given the effort to actuateeint cant effort to construct_ candldat_e designs meeting perfor-
face, and control with current digital controller techrpjo mance goals and to validate design correctness.

This is largely due to scaling of physical time constants, 2.1 IP Integration

which can be several orders of magnitude faster than macro-  wjith the advent of true systems-on-chip came the need

scale devices; in addition to ensemble behaviors includingfor retargetable IP solutions that provide common funetion
communication, power management, and computation, allgjity with drop-in simplicity. Unfortunately this dream is
at vastly lower power levels than conventional design. far from the reality of current IP solutions, where the end-
Existing platforms designed around commercially avail- designer is responsible for correctness across desigespac
able microcontroller devices have provided the means forthat he has no direct influence on. This makes behavioral
exploring new areas in network sensors. While valuable closure (correctness) challenging since a variety of ad-ho
demonstrations, these architectures do nothing to dyrectl methods may be employed for interfacing and communica-
address the growing complexity of system-level design or tion. Moreover, such interfaces are typically built with in



trinsic temporal constraints that must be satisfied. Latenc system correctness is frequently tied to real time con-
insensitivity, on the other hand, allows interface funatio  straints. Here we emphasize that design correctstessd
ality to be decoupled from time, allowing arbitrary delays be paramount throughout the specification processes, while
without affecting behavioral correctness. In this model, d  system timing and power constraistsuldbe optimization
sign correctness is insulated from temporal behaviomallo  criteria and constraints. This allows a large number of im-
ing composition of functionality and simplified debugging. plementations to be realized from a single specificatidn, al
As a specification medium, rule-based languages are awith equivalent behavior. Powerful optimizations are poss
natural fit since the description format closely representsble via localized transformations which can reduce ressurc
the behavior of the underlying execution model[4]. Un- execution and communication, and lower power consump-
fortunately, current synthesis techniques target comveak tion. At the hardware level, power savings are also possi-
machine organization with global control and data accessi-ble through selective clocking controlled by the tokendaas
bility, resulting in artificial critical paths and unnecasg composition protocol.
communications. As an alternative to this, we propose the . .
use of a set of tiny, composable connector circuits that im- 3 ResearCh Dlrectlops
plement a 2-signal communication protocol preservingelas ~ Realizing cyber-physical systems that couple next-
ticity throughout the control network[3]. In this format, 9eneration MEMS technology requires expertise spanning
control and data are tightly coupled, allowing distributed @ Multitude of disciplines from embedded systems to con-

implementations where all interfaces are guaranteed to bl theory. While our proposed methodology provides a
composable. This composability exists at all levels of de- feasible path to reach design constraints and eases much of

sign abstraction, allowing system composition that is guar the design burden, there are open issues related to executio

anteed to be behaviorally correct and thus significantly re- medeling, efficient control partitioning, and physicalent
ducing the effort of system integration. facing. RTL synthesis provides an accurate foundation for

modeling system latency and throughput in hardware. In

In software, this execution model is not a large departure - '
from event-based methodologies currently employed. TheSOftware, however, the ability to model execution latency
is more complicated. To this end, we must have mecha-

latency-insensitive model can be realized as transaction-~ o : ¢ 3
process or thread-based software implementations wherdiSTS for establishing execution bounds by which to direct
functional tasks are dynamically scheduled for execution OPtimizations. In the world of MEMS, many are skepti-
on available resources. The inherent parallelism availapl €@l that all-digital solutions can provide the required-per

at the software abstraction level is typically more limited formance while meeting system power and size constraints.
than in hardware, thus requiring a centralized mechanismYVhile novel architecture have shown that it is feasible to

for resource allocation. Despite this, it is the case that pr achieve such constraints, software opportunities alsst exi

cesses are always safe to run in parallel, and therefore takd®r control partitioning and efficient resource-based exec
advantage of as much physical parallelism is made avail-ion strategies. And at the low-level, novel physical in-
able by the architecture. A key aspect of this is the ability €rfaces need to be developed for plug-in connectivity be-

to identify data dependencies during synthesis and optimiz 'Ween high-voltage MEMS drivers (30V), low-current sen-
inter-process communication and shared state. sors (1nA), and practical integrated digital logic.

The commonality between hardware and software mod- Refer ences

els opens the dQOr fora variety O_f |mplementat|on tradeoffs [1] D.J.Bishop, C. R. Giles, and G. P. Austin. The lucent ldarouter:

that are not available to conventionally composed systems. ~ Mems technology of the future here today.IEEE Communication

Elasticity in the interfaces of both hardware and software Magazine volume 40, pages 75-79, Mar. 2002.

provide a common mechanism for communication, obviat- (21 > €hu. I Brener, P. Chuan, L. Shi-Sheng, J. I. Dadap aRge,

. . . L. and K. B. et al. Design and nonlinear servo control of memsarsr

ing the need for .complex device d”V_ers- The symbiosis of and their performance in a large port-count optical switlurnal of

these technologies offers the potential for scalable syste Microelectromechanical Systemis}(2), Apr. 2005.

design in ways presently infeasible and offers opportesiti ~ [3] J. Cortadella, M. Kishinevsky, and B. Grundmann. Systhef syn-

for architectural exploration to identify efficient aroi chronous elastic architectures. DAC '06: Proceedings of the 43rd
. o P . y - annual conference on Design automatipages 657-662, New York,

tures with minimal effort. Consider the ability to automat- NY, USA, 2006. ACM Press.

ically synthesize behavioral components to hardware in an [4] J. C. Hoe and Arvind. Hardware synthesis from term remgitsys-

effort to meet system constraints, all without rewritingan genm\fl;sl?\lllégsla '99: Proceedings of X IFIP International Conference

of the system specification. [5] G. Hoover, T. Sherwood, and F. Brewer. Towards undetttanar-

. . chitectural tradeoffs in mems closed-loop feedback canticCASES
2.2 Meetlng SyStem Constraints '07: Proceedings of the 2007 international conference om@iers,

Latency-insensitive design relies on the decoupling of architecture, and synthesis for embedded systanGsy.
temporal constraints and behavioral functionality. Tlsis i
a contrarian view to conventional embedded design where



