IMPACCT: Methodology and Tools for Power-Aware
Embedded Systems

Pai H. Chou, Jinfeng Liu, Dexin Li, Nader Bagherzadeh,
Department of Electrical & Computer Engineering

University of California, Irvine, CA 92697-2625 USA

{chou,jinfengl,dli,nader }@ece.uci.edu

Abstract

Power-aware systems are those that must exploit a wide range of power/performance tradeoffs in order to
adapt to the power availability and application requirements. They require the integration of many novel power
management techniques, ranging from voltage scaling to subsystem shutdown. However, those techniques do
not always compose synergistically with each other; in fact, they can combine subtractively and often yield
counterintuitive, and sometimes incorrect, results in the context of a complete system. This can become a serious
problem as more of these power aware systems are being deployed in mission critical applications.

To address the problem of technique integration for power-aware embedded systems, we propose a new de-
sign tool framework called IMPACCT and the associated design methodology. The system modeling methodol-
ogy includes application model for capturing timing/power constraints and their mode dependency at the system
level. The tool performs power-aware scheduling and mode selection to ensure that all timing/power constraints
are satisfied and that all overhead is taken into account. IMPACCT then synthesizes the implementation tar-
geting a symmetric multiprocessor platform. Experimental results show that the increased dynamic range of
power/performance settings enabled a Mars rover to achieve significant acceleration while using less energy.
More importantly, our tool correctly combines the state-of-the-art techniques at the system level, thereby saving
even experienced designers from many pitfalls of system-level power management.

1 Introduction

Recent years have seen the emergengmufer-awareembedded systems. They are characterized by not only low
power consumption, but more generally by their ability to support a wide range of power/performance tradeoffs.
These systems can be viewed as providing “knobs” that can be turned one direction to reduce power consumption
or the other direction to increase performance. The ability to maximize the range of power-performance tradeoffs
is driven by new applications that demand very high performance while operating under stringent timing and power
constraints. One such application can be found in the space domain in the form of a rover.

Let us consider the Mars Pathfinder rover from NASA/JPL [1]. It was designed to roam on Mars to take digital
photographs and perform scientific experiments over several hundred days. Its energy sources consist of a battery
pack and a solar panel, and future versions are expected to incorporate a nuclear generator or other energy scavenging
devices. The initial version was designed to be low-power, and this was accomplished by serializing all tasks,
including mechanical and heating as well as computation. However, low-power also means low performance in
this case, as the rover could move at most 10cm per minute, and shoot and wirelessly transmit at most three high-
resolution photos in a day. Even though during daytime the solar panel could output more power than could be
consumed by the rover, the rover was unable to take advantage of this power; instead, the extra heat was redirected
to heating the wheels.

This is an instance where a low-power design may be correct, but a power-aware version can do much better.
We have proposed a power-aware version of the rover: by allowing power usage and performance to track power
availability, the power-aware system with more system-level parallelism achieved 33% speedup while saving 33%
battery energy [24].



Encouraged by the initial success, we explored additional power management opportunities at the system level.
Since the goal is to increase the dynamic range of power/performance curves, we sought ways to increase perfor-
mance in one direction and to reduce power in the other. To increase performance when more power (such as solar)
is available, we attempted system-level pipelining, a class of effective techniques that have been developed for many
different domains ranging from VLIW instruction scheduling to hardware synthesis. To reduce energy consumption,
we also attempted to incorporate other researchers’ new power management technigues that are power aware. These
include a variety of dynamic voltage scaling (DVS) and scheduling algorithms for modern embedded processors,
whose voltage and frequency can be controlled.

However, a somewhat surprising result was that many of these performance-enhancement and power-reduction
techniques yield incorrect and rather counterintuitive results when applied together at the system level. Existing
pipelining techniques that treat the power budget as a resource constraint (e.g., mapping power to the total regis-
ter count) fail to correctly satisfy the power constraints. On the other hand, DVS techniques, which slow down
processors in order to achieve quadratic energy savings, actually end up consuming more energy at the system level.

The main reason these techniques fail is that many important system-level dependencies are not properly modeled
or considered. In a system, the components do not work independently; instead, they work very much together
with each other, and power management decisions made on one component can have a chain of effects on the
power usage of the other components. This is further complicated by the fact that different components are built
with different power management capabilities. In the Mars rover, not all components are power manageable. In
fact, some components include motors for steering and driving the rover, heating elements for melting the frozen
lubricants on the wheels, and the R/F module. Many of these components cannot scale their voltage or frequency
the same way a processor can. Furthermore, mode changes are seldom instantaneous or free; instead, they incu
nontrivial timing and power overhead that cannot always be amortized. As a result, the combined effect of these
power management techniques can often contradict the designer’s intuition and even cancel each other’s effects.

It is clear that an integrated design tool is sorely needed to help designers manage such a multi-dimensional
problem: functional correctness, timing constraints, and power awareness. To address these difficult problems, we
develop a tool-based design methodology called IMPACCT, for Integrated Management of Power-Aware Computing
and Communication Technologies. As with most system-level design tools, IMPACCT starts with high-level mod-
eling of the application, separate from the target architecture. The designer then uses IMPACCT to transform and
refine the high-level model towards implementation. IMPACCT also supports power-aware functional simulation to
help with design validation.

This paper focuses on two of the core design tasks in IMPACCT: power-aware scheduling and mode selection. The
objectives are to enhancing the power/performance tradeoff range and to correctly compose different component-
level power management techniques at the system-level. Power and timing constraints can be used as knobs to tune
the system for performance or power, without hardwiring to either goal. To maximize performance and resolve
power “hot spots,” we exploit system-level pipelining under pair-wise timing and total power as constraints. What
distinguishes our work from traditional software pipelining and resource-constrained pipelining works is that we
handleco-activationdependencies, an essential property for the correct operation of these embedded systems. Fur-
thermore, we propose mode selection as a generalized way for fully exploiting novel power management features
provided by an increasingly intelligent class of power-aware components. They are capable of managing power and
provide many mor@ower modesHowever, today’s power management techniques often cannot take full advantage
of these rich features, but instead they use only two or three modes (e.g., on/off). Our mode selection methodology
models the dependency and produces a mode schedule that considers restricted transitions and overhead amortiza
tion. Together these techniques not only form the foundation for integrating many power management techniques,
but more importantly they help even experienced designers avoid many pitfalls with composing these components
at the system-level.

In the next section, we review work related to power management and codesign and present a few simple examples
to illustrate the pitfalls with applying today’s techniques at the system level. Section 3 provides an overview of
IMPACCT including specification, architecture, and simulation. The sections that follow will describe scheduling



and mode selection, and a summary of results for several real-life driving examples.

2 Related Work

To maximize the power/performance range in power-aware systems, we can draw from many techniques developed
for low power and high performance. Low power can be achieved by shutting down idle components, changing
mode, or scaling the voltage. In the other direction, high performance can be achieved by various pipelining tech-
niques done for VLIW and high-level synthesis. This section surveys related works in these areas with a discussion
on their integration at the system level.

2.1 Low-Power Techniques

Many low-power techniques have been developed at all levels, ranging from circuit and logic levels and micro/macro-
architectural levels to operating system and application levels. For system-level designs, since the components are
largely off-the-shelf or already designed, the applicable techniques include dynamic voltage scaling (DVS) and
dynamic power management (DPM) with subsystem shutdown.

2.1.1 Dynamic Voltage Scaling (DVS)

DVS techniques have been developed for variable-voltage processors. Introduced by [48], with follow-up by [30,
14, 31] and more, DVS can achieve significant energy saving while still enabling the processor to continue making
progress. Lowering the voltage will also require reduction in frequency, which has the effect of reducing dynamic
switching power. Although DVS means running slower, they typically slow down just enough without violating
timing constraints, and many are based on real-time task scheduling cores [13, 38, 39, 36]. It has been shown that
maximal energy saving is achieved by running the processor at the slowest possible constant speed, rather than
running tasks at full processor speed and changing the processor to a lower power mode when idle [6]. Hong et al
[13] proposed a heuristic for scheduling real-time tasks on a single variable voltage processor. Shin [38] exploited
both execution time variation and idle time intervals for fix-priority tasks. Shin’s algorithm in [39] determines the
lowest maximum processor speed for each job to achieve power reduction. Quan and Hu [36] further greedily
determine the lowest voltage for a set of tasks to achieve more energy savings.

However, DVS’s notion of a system is currently limited to a single processor without considering peripheral
devices, and the results are not generalizable to multiple processors. What these DVS techniques have in common
is that they are greedy and assume a single processor. A power-aware embedded system, however, consists of
multiple resourceswhich may be one or more processors and peripheral devices. Luo and Jha [26, 28] presents
static scheduling for multiple processing elements (PEs) by reordering tasks and applying voltage scaling in this
post-processing step to smooth the system-level power profile. Unfortunately, all of these greedy DVS techniques
fail to generalize to multiple resources when there are co-activation dependencies and power constraints, as shown
in the following example.

Example: (DVS fails in multi-resource)

Fig. 1(a) shows a Gantt chart (on top) and the corresponding power profile (bottom) for a system with three resources:
R; is capable of voltage scaling, whikR: andR; are not voltage scalable. The taglon R; has a deadline at time
110. The system also has a maximum power constrainfoffaurthermore, the behavior of the application dictates
that Ry and R; be co-active Co-activation means the execution of one task requires the power consumption of
other dependent services or tasks. A simple example is that when the CPU is running, it imposes a co-activation
dependency on the memory, but co-activation can be much more general between sets of tasks.

Fig. 1(b) shows the schedule (top) and the power profile (bottom) obtained by greedily slowin&gtachieve
energy saving. Even though all timing constraints are satisfied, it violates power constraints and it is not minimum
energy. The max power constraint is violated because whernttaslstretched out, and when it overlaps t&sk
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Figure 1. An application scenario that has resource dependency. (a) Initial schedule and power profile; (b) greedy
voltage scaling results in a power spike that violate maximum power constraint; (c) a feasible solution meets both
power and timing constraints, and saves energy as well.

Schedule| Timing violation | Power violation| Energy cost
Fig. 1(a) No No 300
Fig. 1(b) No Yes 320
Fig. 1(c) No No 288

Figure 2: Comparison of three schedules, greedy voltage scaling may violate the power constraint.

during the time interval from 70 and 110, their total power exceeds the max power constraint. It is not minimum
energy due to the co-activation dependency betweandR;: the energy saving bR; due to voltage scaling is
more than offset bfR; whose voltage is not scalable (as given), but its execution is prolongBegl by

The optimal schedule and power profile are shown in Fig. 1(c). Res®uriseslowed down without overlapping
taskt, on Resourc®,. This way, no max power is violated. Although taglon resourcdzs is stretched with tastg
and therefore consumes more energy than in Fig. ty(aaves even more energy due to voltage scaling of resource
R;. As a result, the system achieves minimal energy while satisfying all constraints. Fig. 2 summarizes the energy
costs.

Another problem not highlighted with this example is that mode changes may incur nontrivial power or timing
overhead. If so, overhead must be considered in determining the feasibility of the mode schedule.

2.1.2 Dynamic power management (DPM)

DPM techniques, which are based on timeout or event prediction, assume multiple components with multiple modes.
Subsystem shutdown decision can be based on fixed idle times, adaptive timeout, or predictive based on a mix of
profile and runtime history [44, 41, 10, 2]. The simplest power management policy is time-out based on a fixed or
predicted amount of time before the system'’s shutdown or power-up [45, 16]. Stochastic models [3, 34] are used to
address the uncertainty in system behaviors. Simunic et al [40] combines stochastic-modeled power management
with dynamic voltage scaling to achieve significant power reduction in portable systems.

DPM techniques can be effective for minimizing energy and time penalties on average, but they have several
limitations. First, most treat either power or timing as @bjectiveor penalty, rather than eonstraint In real
systems, the max power is a real, hard constraint, whose violation can lead to malfunction. Max power was not
of central concern previously, but as we consider additional power sources such as solar whose maximum output
can vary, they must be strictly satisfied. This becomes especially important as we increase the dynamic range
of power by increasing parallelism. Second, they have not considered inter-component dependency in a system,
with the exception of Qiu, Qu and Pedram in [35], which models multiple service providers and their Generalized



DPM DVS MS
[45,16] | [3, 34] | [13, 38, 39, 36]| [26, 28]
Timing as constrain N N Y Y Y
Power as constraint N N N N Y
Timing overhead Y Y N N Y
Power overhead Y Y N N Y
Multiple resources N Y N Y Y

Figure 3: Comparison of dynamic power management (DPM), dynamic voltage scaling (DVS), and mode selection
(MS).

Stochastic Petri Net (GSPN) can capture some dependencies among resources. However, only one server is modelec
to process an incoming request, and the GSPN model is mainly for the request/dispatch behavior of servers rather
than dependency among the servers themselves. Without modeling this dependency, energy saved on the CPU may
be more than offset by the increased energy consumed by the rest of the system.

Fig. 3 summarizes the features of the techniques surveyed here. The last column shows our new approach, mode
selection, which combines the advantages of existing approaches. It is entirely constraint driven, enabling us to
make power/performance tradeoffs without hardwiring any specific goal or policy in the algorithm.

2.2 High Performance through Pipeline Transformation

In addition to low power, dynamic range can also be increased towards high performance by drawing from works
on retiming and rotation and applying them to the system level. Leiserson et al. first established the theoretical
foundation for retiming synchronous circuits [20], and this has been extended to loop pipelining and scheduling for
VLIW processors [37, 7, 17]. Shifting or “rotating” tasks in a data flow graph (DFG) across the iteration boundary
can result in a shorter execution time or alleviate the resource pressure (e.g. number of registers and functional units).
Such techniques are also used in power minimization by reducing switching activities [18, 50].

Existing techniques need significant enhancements before they can be correctly applied to our system-level power
management problem. The main reason is that new types of dependencies must be modeled at the system level, anc
they cannot be readily handled by existing techniques by preprocessing. The tasks to be scheduled are related to
each other not only by precedence or data dependency and timing, but also co-activation dependency as mentioned
earlier. Preprocessing by grouping co-activated tasks will not yield correct results due to the presence of timing
constraints and lack of interchangeability in resources. We illustrate the problems with applying existing low-power
and high-performance techniques to the system level.

Fig. 4 shows an example to illustrate limitation of some existing techniques compared to the optimal. It will be
further used to explain our system model and scheduling algorithms in the ensuing text. In this example, five tasks
a,b,c,x,y are to be scheduled on four execution resoufc& X, Y. The constraints are:

1. The overall deadline is at time 3.
2. The max power is 10.
3. The execution resourcésB are not voltage-scalable (e.g. they may be non-computation tasks).

4. Only taskx can be voltage-scaled on resoukcée.g. a processor), and it has some slack time to finish before
time 2.

5. Tasky must be co-activate with tas and its resourc¥ is also not voltage-scalable (e.g. memory, I/O).
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Figure 4: An example where DVS fails to reduce power and energy at system level, while our technique will succeed
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Figure 5: The IMPACCT system-level design tool for power-aware embedded systems.

Note that task does not necessarily start and finish at the same timexftht it has to start no later tharstarts
and finish no sooner thanfinishes. For simplicity, in this example we assur@ndy start and finish at the same
time.

Fig. 4(a) shows a timing-valid schedule with a max-power violation during finH. Rescheduling andy in
[1,2] will be timing-valid but still violating max power. Fig. 4(b) shows that if DVS was used to slow downxask
until its deadline of time 2, we cut its energy by half according to CMOS scaling, and intuitively this should eliminate
the max power violation. However, it actually increases total energy at the system level, because not only is DVS
limited tox on the processor only, its lengthened execution time forces its co-activatgdttasnsume power over
a longer time. Thus, energy saved by slowing dows more than offset by energy increasedybylhis is another
example where DVS should not be applied in isolation.

Fig. 4(c) shows a feasible solution obtained by system-level pipelining, assuming iterative tasksx diadis
are shifted (orotated to the previous iteration to overlap tasknstead ofa or b. As a result, both the max power
and the deadline are satisfied. However, the optimal solution cannot be obtained unless we exploit domain-specific
knowledge about the task set to eliminate a precedence dependency, which cuts the cycle time down to 2 time units.
The details of rotation under min/max timing and the usps#udo-iteratiorconstraints will be explained in later
sections.

3 Overview of IMPACCT

IMPACCT is a system-level design tool for exploring power/performance tradeoffs in hard real-time systems by
means of power-aware scheduling and architectural configuration. The current implementation includes an interac-
tive graphical tool for scheduling, mode selection, and an interface to a simulation back-end for integrated evaluation
of the system under design. Amdahl’s law applies to power as well as performance. That is, the power saving of
a given component must be scaled by its percentage contribution to an entire system. Furthermore, a system in the
broad sense includes not only computational components but also those in the non-computational domains (e.g.,
mechanical and thermal subsystems), which are equally critical in defense applications. IMPACCT is the first tool to
correctly address all of these system-level power management issues. Fig. 5 shows the main components of the IM-
PACCT framework, and this section will highlight each box in order. The combination of these features in IMPACCT
presents a compelling design-time tool for engineers to explore a wide range of system-level power/performance



tradeoffs with confidence.

3.1 Input: Application Model and Constraints

To use IMPACCT, the designer must construct a model for the application and constraints. Although the detailed
application behavior is ultimately written in one of the system programming languages (such as C, C++, Ada, Java,
etc), IMPACCT does not process these files directly; instead, they are passed to power/timing analysis or simulation
tools for estimation or validation. IMPACCT expects the designer to construct a higher-level model for the applica-
tion in our custom language. As an integration description, it has ports and channels for data dependency, as well
as timing and power constraints. Note that timing and power are not necessarily intrinsic to the application problem
itself, but they should really be viewed as “budgets” whose values are selected based on engineering decisions. One
main purpose of the tool is to help designers with constraint refinement or adjustment (re-budgeting) by giving them
a quick estimate. This approach allows the designer to start working with the power/timing budget for various tasks
to be performed long before the program or component is designed. As theses pieces become available, they will
then be used to refine these budgets with more accurate estimation.

We currently support power constraints and timing constrafaszer constraintsre the min/max bounds on the
power dimension of the power profile. Theax-poweiconstraint requires that the system never draw more than the
specified amount of power at any given moment. It may be derived from the maximum current rating of the power
supply and can be a hard constraint. Even though most systems to date could assume sufficient power by design, the
next generation power-aware embedded systems will need to work with a much more diverse set of power sources
with much lower power budgets and reduced availability. This will make max-power a hard constraint. On the other
hand, we believenin-powerwill be an equally important constraint: it will be a way to force the system to maintain
activity above a certain level. The min and max constraints together will be a way to explore power/performance
tradeoffs without being hardwired to the low-power goal. Both min and max power constraints may be functions
over time.

Timing constraints are in the form afin/max timing separatiobetween pairs of events, where an event can be
the start or end of a task. This is a general way for expressing precedence, absolute and relative deadlines, and alsc
co-activation. Furthermore, tasks assigned to different resources may run in parallel. We currently use a simple
custom language to capture these timing constraints. The syntax of this high-level file is not important; it just has to
be expressive enough to construct a graph description of the pair-wise timing constraints and power.

3.2 Target Architecture and Mapping

Also input to IMPACCT are a model for the target architecture and application-to-architecture mapping. The target
system architecture provides the primitives for power management as well as the power/timing attributes needed for
scheduling and mode selection. The elements of the application model are mapped to those of the target architecture:
that is, the tasks are mapped to the processors, and channels mapped to the busses. IMPACCT poovineseat

library and asystem architecture templatie aid the description of the target architecture.

The component library consists of models for components and busses that in the target architecture. They include
processors, memory modules, bus controllers, communication modules, sensors and actuators, digital cameras, anc
various peripheral devices. The designer instantiates and configures these components from the library. The compo-
nent models will provide an interface for the rest of the design tool to ask questions about the power/timing attributes
needed to synthesize or for simulation. Some of these attributes such as modes, clock rates, or voltage may be stored
as fixed values, but others such as the execution delay or the power consumption may need to be derived by either
evaluating a formula or by simulation. Each component model may encapsulate any number of detailed models
(RTL, SPICE, power-macromodel), but they are abstracted from the designer. IMPACCT augments these low-level
models with higher-level models for supporting system-level power management. These features include the power
modes, the allowed transitions between modes, the power/timing coefficients associated with each mode and the



transitions, and the interface description for controlling these power management features. This mode model will be
described in more detail in the Mode Selection section.

Unlike traditional hardware/software co-design that is more about free-form exploration of an optimal archi-
tecture, we take a platform-based approach for practical reasons. IMPACCT provides architectural templates for
configurable platforms, and currently supported is a symmetric multiprocessor architecture interconnected with a
two-tier bus. It can be configured for different numbers of processors and components from the library. The two-tier
bus includes the IEEE 1394 (“FireWire”) for high-speed, real-time data and@h@t low-speed control. Both are
power efficient and support dynamically adding/removing or powering up/down individual nodes for the purpose of
power management.

3.3 Power-Aware Scheduling

The power aware scheduler supports several classes of power aware scheduling to yield the widest possible dynamic
range of power/performance tradeoffs. The core scheduler handles both timing and power as constraints, not just
goals. Power and timing are both treated as min/max constraints. The advantage is that these constraints become
the knobs for tuning the system’s power/performance tradeoffs. By making the constraints track the available solar
power, the IMPACCT scheduler has been shown to accelerate the system while saving energy at the same time
for a Mars rover. This feature will be critical to also systems that use alternative energy sources such as thermal
batteries as well as those with thermal management concerns. In addition, for data regular applications where the
computation can be cleanly decomposed into stages the IMPACCT scheduler can exploit system-level pipelining
stages in conjunction with processor throttling, the IMPACCT scheduler can further increase the dynamic range of
these systems. Scheduling will be discussed in Section 4.

3.4 Mode Selection

Another complementary feature in IMPACCT is mode selection. It is the task of deriving the mode schedule for
configuring the components of the system, such that all architectural effects are properly considered. It takes as
input a schedule from the previous step, and it decides what power mode in which each component should operate
over time. Mode selection addresses issues that fail to be handled by today’s greedy dynamic voltage schedulers by
considering the transition overhead and dependencies. It will not change mode if the time/power overhead involved
cannot be amortized over the tasks to be performed, and it also prevents system-level power spikes due to greedy,
isolated voltage scaling. More importantly, IMPACCT’s mode selection properly models and handles co-activation
dependencies. For example, when the processor is on, the memory must be on, too. By modeling these dependencies
in the mode selection step, IMPACCT will ensure that the resulting power management policy considers all features
critical to the correct operation of the entire system. Mode Selection will be described in more detail in Section 5.

3.5 Simulation Support

IMPACCT supports simulation at various stages of the design flow. The high-level application description can be
simulated functionally without mapping to an architecture. The IMPACCT high-level simulator has been integrated
into the scheduler. It not only computes the ordering of the tasks to run on generic resources, but also invokes the
compiled application files via native calls to simulate their functionality. The high-level simulator is also responsible
for implementing the inter-process communication mechanisms using buffer management.

This setup also enables the integration of heterogeneous simulation and emulation models with a uniform user
interface. Because the simulation models are externalized, the IMPACCT simulation coordinator can replace the
external, native calls with any other calls, as long as they conform to a compatible application programming interface.
For example, hardware-in-the-loop simulation can be accomplished by replacing these external calls with calls to
device drivers that control emulation hardware. Similarly, these calls can also be made to detailed simulation models
when accuracy or controllability is required. The back-end is completely decoupled from the front-end, which
provides a uniform user interface including visualization support. Fig. 6 shows a screen shot of the current version
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of the simulation tool running an automatic target detection (ATR) application. In the center panel is the power-aware
Gantt chart showing the pipelined tasks and the simulation control panel. The left panel shows the input images,
while the right panel shows the output images tagged with potential targets detected by the algorithm.

4 Power-Aware Scheduling

IMPACCT provides comprehensive scheduling support for maximal power/performance tradeoffs. We have devel-
oped static scheduling algorithms for satisfying timing and power constr&ng!], which varies the amount of
parallelism at the system level according to the available power (e.g., from the solar panel). In addition, several
extensions to the core scheduler have been implemented, and they further widen the trade space by means of system
level pipeline transformation and aggressive mode selection. A number of rotation transformations are not only
effective for smoothing out the workload by borrowing time and power across iterations, but also enable additional
mode change involving additional processors. This section summarizes the current state of the scheduler.

4.1 Scheduling under Power and Timing Constraints

IMPACCT’s core scheduler solves the power/timing-constrained problem as an instance of a graph problem. The
timing constraints are modeled with a constraint gr&¥, E), where the vertice¥ represent tasks, and the edges
E CV xV represent timing constraints between tasks. Each vereX has three attributes(v), p(v) andr(v),
representing task's execution delaypower consumptioandresource mappingespectively. Each edde,v) € E
has two attribute)(u,v) andA(u, V). d(u,Vv) specifies thenin/max timing constraintsn the start times assigned by
the functiono to tasksu andv, such thao(v) — o(u) > d(u,v). If d(u,v) > 0, edge(u,v) is called aforward edge
that specifies anin timing constraintlf &(u,v) < 0, it is abackward edgéndicating amax timing constraint\ (u, v)

is called thedependency deptlvhich specifies constraints across iterations.itArationis a full pass of executing
of each of the tasks once in a valid ordéfu,v) andA(u, V) indicate that the execution of taskin iterationi must
precede task in iterationi + A(u,v) by d(u,v) time units. IfA(u,v) = 0, edge(u,Vv) specifies anntra-iteration
constraint Otherwise, it is annter-iteration constraint

A scheduleo assigns a start time(v) to each task € V. It has afinish timets when all tasks complete their
execution. Schedule is calledtime-validif all the start time assignments do not violate any timing constraints,
and tasks that share the same resource are serializégl.relfpresents an iteration of a loog,must also satisfy
inter-iteration constraints such that they must hold across iterations when multiple copieseofoncatenated.

A scheduleo has apower profile functionPs(t),0 <t < 14, representing the instantaneous power consumption
of all tasks during the execution of (illustrated by the power view of the Gantt-chart in Fig. 4). The power profile
is constrained by two parameteRiax Pmin, Such thatmax > Ps(t) > Pmin > 0. Themax power constraintPyax
specifies the maximum budget of supply power that can be provided by the power sourcedén pheser constraint
Pnmin specifies the level of power consumption to maintain a preferred level of activity.

The max power constraint is a hard constraint. At any given tintiee value of the power profile functid®y(t)
must not excee®nax Scheduleo is calledpower-valid(or simply, valid) if it is time-valid and its power profile
does not exceed the max power constraint. However, we treat the min power constraint as a soft constraint that could
be violated occasionally in a valid schedule.

In cases where the min power constraiqf, represents the free power level, the energy drawn from the non-
renewable energy sources is defined asetiergy cost E€(Pnin) of a schedule. It distinguishes between costly
power and free power in such a way that any power consumption below the free power level does not contribute to
the energy cost on non-renewable energy sources, and therefore should be utilized maximally.

Details of the scheduling algorithm can be found in [24]. Since this is an NP-hard problem, we have devel-
oped heuristics based on slacks to enable localized task movements, enabling the scheduler to quickly find feasible
solutions without expensive backtracking.



4.2 Dynamic Range Enhancement through Pipelining

System-level pipelining can be an effective way to enhance the dynamic range of power/performance tradeoffs. We
present a constraint model in a system-level context such that the component-level power management techniques
can synergistically contribute to the improvement in both power and performance to the entire system. The distin-
guishing feature of our method from previous loop pipelining works is that, existing techniques either do not have
timing constraint®(u, v) in their date flow graphs (DFG), or the valuedti, v) is always O or 1 that only indicates
precedence (data dependency). Moreover, we correctly model and lcaraitivationdependency between com-
ponents in a system. In addition, we propose a new class of timing constraintspsslatb-iteratiorconstraints to

enable more aggressive, domain-specific transformation for non-computational tasks.

It is performed in two steps: (a) transforming the problem into its pipelined versions, and (b) power-directed
scheduling for each pipelined version. We first construct a timing constraint graph that expresses the tasks in an
embedded system with pair-wise constraints. The pipelined version of a scheduling problem is obtained by rota-
tion, when intra- and inter-iteration constraints are converted to each other. We first constitecatzon graph
G/'(V,E'): it has the same vertices as those of the constraint gB@gIE ), but edge€’ consist of only intra-iteration
constraints. Formalyg’ = {(u,v)}, (u,v) € E such thai(u,v) = 0,8 (u,v) = 8(u,Vv). The expected loop duratian
is obtained from a non-pipelined schedule computed from the initial iteration gaph

Without loss of generality, we focus our discussion on down-rotations by which the execution of a task is shifted
to the previous iteration of the loop, and the instance of the same task in the next iteration is included into the new
loop body. The procedure for up-rotation can be similarly defined. Avasklown-rotatabldf either vertexv e V
does not have any incoming forward edges, or alf'®incoming forward edges i® have at least one dependency
depth. Ifo is a valid non-pipelined schedule of one iteration, we dawn-rotatea taskv according to thexpected
loop duration which is the finish timeg of o.

When a task is rotated down by one iteration in gra@i, vertexv represents the execution of taghkn the
next iteration. Therefore, the new start time assignn®(t) = o(v) + 1. When a taskv is being rotated, its
corresponding min timing constraints (zero or positive values) will become max timing constraints (negative values),
and its corresponding max timing constraints will transform into new min timing constraints.

Fig. 7 illustrates the rotation of our example previously shown in Fig. 4. Each edge in the constrainGgsaph
denoted a$\, 8), while in iteration grapl@’ there is onlyd. Inter-iteration constraints are marked as dashed arrows.
Co-activation is denoted as a special pair of timing constraints. Fig. 7(a) shows the initial Grapk$’ and the
schedule that violates the max power constraint. The non-pipelined schedule has a finisk 8mieig. 7(b) shows
rotation to taskx and its co-activated taskto produces a new valid schedule (same as Fig. 4(b), except that the
prolog is not shown) which otherwise cannot be achieved without rotation.

Taskx can be rescheduled to time s|@t3] because its outgoing min constraints are transformed into more relaxed
max constraintsq (x,a) = —3,&(x,c) = —1, compared to 0 and 2 in Fig 7(a)). Taskandy are rotated together
due to co-activation, but they are scheduled as separate tasks because they may not start and finish at the same
time. Fig. 7(c) further rotates task The changes to edges @i in Fig. 7(b) are reversed, and some new edges
corresponding ta are changed. It gives a variation of the solution in Fig. 7(b). If tds#tadc are rotated next, the
initial constraint graph in Fig. 7(a) will be restored.

Rotation is based on the classification of inter-iteration and intra-iteration timing constraints. However, in some
cases, it is difficult (or unnecessary) to decide whether a timing constraint should be inter-iteration or intra-iteration.
Such cases are present in the Mars rover. For example, for timing constraints between a heater and a motor by which
the motor is heated periodically, whether to model these constraints as intra-iteration or inter-iteration is not clear.
In fact, whether the heaters and the motors stay in the same iteration does not matter. This is different from data
dependencies in computation domain.

We define such type of constraints pseudo-iteratiortiming constraints, which means the constraints can be
expressed as either inter-iteration or intra-iteration. A pseudo-iteration constraint between two &aeks is
also represented as an edgev) € E in constraint graphG with its dependency depth denoted X!, v) = x,
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indicating that it can be either zero or non-zero; and it will be included in iteration g&phitially. Pseudo-
iteration constraints will be always relaxed such that more scheduling opportunities become available.

For example, if resourcA in our example is a heater and resouRare the motors, then the corresponding
constraints of task can all be modeled as pseudo-iteration ones. This is shown in Fig. 8(a) where pseudo-iteration
constraints are marked as a different type of dashed arrows. Fig. 8(b) performs rotation toaadlssimilar to
Fig. 7(b). In Fig. 8(c), when taskwith pseudo-iteration constraints is rotated, the corresponding constraint values in
graphG’ are different from those in Fig. 7(c) in comparison. Specifically, we have the®@ga) = —2 as opposed
to 1, andd'(x,a) = —3 instead of 0. Since the serialization chain formed by min constraints is brokenatas&s
(after rotation taa, the chain becomds c,ain Fig. 7(c)) no longer have to be serialized. Now task small power
consumer, can overlap withsuch that a surprising solution with shorter execution time: ) is produced, and
it also satisfies max power constraint. This optimal solution cannot be obtained without modeling pseudo-iteration
constraints, which aggressively relax the constraints in the problem but are provably correct.

5 Mode Selection

As new components are being built with more intelligent power management features, it will be important to take
full advantage of these features. Unlike yesterday’s components that offer only very simple modes such as on, off,
and sleep, new components can actually be an entire system on a chip and can have more than a dozen modes
For example, today’s typical hard disk offers over fifteen power modes. Unfortunately, most of today’s power
management techniques are able to handle only two or three modes. We propose mode selection as a systematic
way for optimizing the power/performance settings at the component level to best match the execution context of
the system. Itis general because it subsumes voltage scalling and it can also encompass techniques at other levels o
abstraction, including selection of alternative algorithms and data structures as new ways of managing power. The
key problems in mode selection include (1) the modeling of the attributes associated with the modes and transitions
between pairs of modes; (2) capturing the interdependency between modes of different components in a system; (3)
define the cost function based on the energy-delay product; and (4) efficiently generate feasible progression of these
mode settings while satisfying all timing and power constraints.

5.1 Mode Attributes

Modes are attributes ofresource which is a generalized term for a component in a system. A resqusatefined
as a graphr,(My, Hy), whereM, is a set of vertices, anid, C My x My is a set of edges. A verter € My is a power
mode of resourcg. An edge(m,n) € Hy represents a mode change from maoa® moden. we define the timing
and energy function for a mode change &s:My x My — T x En, whereMy is the set of modes of resourgeand
T, Enare time and energy, respectively. The average power can be obtained from energy and time information.

For example, a processor may haative, idle, andsleep modes. Changing from any mode to other modes
incurs time and energy overhead. Usually wakeup fedeep to active mode needs more time and energy than
from idle to active mode. At architectural levle, mode change overhead may be time and energy of changing
hardware configurations only. At application level, it may include overhead to retore the context, reinitialize the
OS or load a program. The modes are not limited to simple power modes like on, off, doze, nap, or sleep, but also
encompass cache configurations for processors, different encoding/decoding techniques for radio antenna, variations
of compiling techniques for software components, and different transmission protocols for bus drivers.

Each component is modeled as power and delay functions on modes and transitions. We define the mode set of
a componenty, which is the set of all the power modec . Power consumption is represented as a functipn,
mapping from power mode to a power number. Formatlyp — R*. Delay of a mode transition is defined as a
function,d, mapping from start mode and end mode of a transition to a delay number. Fo@nally,pu — R™.

GivenN resourcesys, Yz, . ..,Yn), @ mode combinatior e N of the resources (tasks) is a combinatioMNahodes
= (my,My,...,My). m is a mode assigned to resourgétaskt;), 1 <i < N.



Figure 9: Mode dependency example: the memoignis
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Figure 10: Truth table foAND, OR andX ORoperators.
C is the output of PopB. T: True; F:False; X: don't care;
U: undetermined.

The output of the problem is an optimal configuration scheme with the minimum cost in terms of the power-
delay-product. A configuration scheme is a table that maps each component to a globally optimal power mode over
time.

5.2 Mode Dependency Graph

Selecting (or not selecting) a mode of a resource may impact the modes that other resources are allowed to select.
The impact may be co-activation, which forces another resource to select a given mode; it may also be exclusion,
enabling, and many other possible types of dependency. These dependencies may be extracted from application
level specifications or policies for safety, security, fault-tolerant, power-saving, or may be explicitly specified as
mode correlation [51]. In any case,legal mode combination of the resources is one that respects all of these
dependencies, andfeasiblemode combination is one that is legal and satisfies all the constraints (namely timing
and power). We use a data structure called the mode dependency graph (MDG) that enables efficient generation of
legal mode combinations in an order that facilitates the search for feasible combinations that are also low cost.

A mode dependency graph (MD&(V,E) represents the inter-resource dependency relationships, where a
vertexV is a resource mode, and a directed eBgmnnects two vertices. Each vertex is represented by a circle with
a label in the format of fes.mog’ whereresis the resource anchodis the mode of the resource. If two vertices
have the same labels, we considered them identical.

Thevalueof a vertex|V| is defined as:

True if resis in modmode
V| =< False if resis in other mode (1)
Undetermined if reshas not been selected a mode

An edge in the MDG represents dependency between two modes. Suppose anedgé&, u =resl.modL, v =
re2.mod2. The two modesodl andmod? satisfy the mode dependency grapfuifis Trueonly if |v| is True For
example, we can represent the dependency between a CPU and a memory chip such that the roerooty ik
the CPU is inactive mode (see Fig. 9). If the CPU is gleep mode and the memory @, then it violates the mode
dependency. If the CPU is Bleep mode, and the memory off, then it does not violate the mode dependency. Of
course, if the CPU is ilactive mode and the memory @, it satisfies the mode dependency. In addition, we also
support logic operators as another kind of vertices. An operator vertex is represented by a square with an operator
label in it. An operator verteX,,, has at least two fan-in, and at least one fan-out, meaniny/gbdtas at least two
vertices pointing to it and it points to at least one vertex.

The value of an operator vertex can be obtained by evaluating the logic functions that the graph represents. We
define the operatoiAND, OR, XOR andMUTEX. The truth tables of operaté&tND, OR, andXORare listed in
Fig. 10. The meaning dAND, ORandX ORfollows the normal boolean functions in the same names except when
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Figure 11: (a) An Mode Dependency Graph example: micro sensor. (b) Reduce an MDG to a resource list for
generating mode combinations. Box I: from the MDG, shrink each operator vertex to a point, and remove mode
name in each mode vertex. Box Il: remove the redundent vertices and edges. Box lll: break the cycle bying
removing one edge in the cycle, and apply topological sort to obtain a resource list.

any input is “undetermined,” the output is “undetermined.” When the operatidfiibf EX (not listed in Fig. 10)
is binary, its meaning is the sameX@®R whenMUT E X has multiple inputs (more than two), the outpuTizieif
and only if one input i rueand the rest of input aréalse

The extended mode dependency graph also follows “only-if” interpretation. For example, the top left item in Fig.
11(a) shows the dependency among a sensor (S), a radio device (R) and a processor (A). The semantics expresse
here is that S and R are botiff only if A is in sleep mode. If, for example, S isff, R isoff, and A is inactive
mode, it violates the dependency. If Sois, R isoff, and A is insleep mode, it does not violate the dependency.

Fig. 11(a) shows the mode dependency graph of the microsensor example[42]. The microsensor system consists
of a sensor to sense the environment, a processor, a memory module, and a radio modem. In this system, the
behaviors and dependencies of the devices can be derived from high-level power management policies: the sensor
and the radio are botbff only if the processor is isleep mode; either of them isn only if the processor is in
sleep mode oridle mode; both the sensor and the radio @neonly if the processor is iactive mode; the memory
is on if and only if the processor iactive.

5.3 Cost Function

We define the cost function to represent the system cost for the schedule. By comparing the costs of different
configurations, we determine an optimal solution for the problem. The cost function is in the form of power-
delay product with two main parts: operating enefgy, and transition energf,. We haveE; = Eqp+ Eir =

PopTop+ P Tir. Operating energy is the energy consumed when the component is in a certain mode. Transition
energy is the energy consumed when the component is switched from one configuration step to the next. Transition
time is the delay on mode change. Sometimes either the transition power or transition time is large, which makes the
transition cost high. We explore an optimal solution to have an configuration with minimum value of cost functions.

5.4 Mode Selection Algorithm

The mode dependency graph (MDG) captures enough information to enable the efficient generation of feasible mode
combinations. The details of this algorithm is #,[but basically it is a special version of topological traversal on the
MDG with backtracking. In practice, however, backtracking is not necessary and the MDG has already pruned out
all of the infeasible combinations. The search speed is much closer to linear than exponential. This section illustrates
its application to a microsensor node in a distributed sensor network. It consists of a sensor, a processor, memory
chips, radio frequency module and other auxiliary parts. When the sensor obtains information from environment, it
sends data to the processor, the data is processed and sent to a basestation or other network node via RF module.



mode| S R A M
M1 on | tx_rx | active | on
M2 on| rx idle | off
M3 on| rx sleep | off

component mode M4 on | off | sleep| off
sensor (S) on, off *M5 | off | tx_tx | active | on
processor (A)| active, idle, sleep *M6 | off | rx idle | off
memory (M) on, off *M7 | off | rx | sleep| off
Radio (R) rx, tx_rx, off M8 off | off | sleep| off

Figure 12: Modes of components in a microsensor. Figure 13: Mode combinations generated from MDG.

The modes for the component is summarized in Fig. 12. The sensor and the memory each has twormodes,
andoff. The processor has three modastive, idle andsleep. The radio has three modes, receive-omk),(
transmit-and-receiveax_rx), andoff. There are a total of 36 mode combinations for these components.

The inter-component relationships are specified using MDG as shown in Fig. 11(a). The graph follows the “only-
if” interpretation, and the graph semantics comes from system level power saving policies. For example, the sensor
and radio are botbff only if the processor is isleep mode. Either of them (not both) @ only if the processor is
in sleep or idle mode. The processor &tive only if the memory ion, and vise versa.

Using the MDG, our algorithm automatically generate eight mode combinations that satisfy the given MDG (see
Fig. 13). The generated mode combinations can be used by system power manager as legal modes in system level
power management. This simple example demonstrated our algorithm’s ability to systematically generate legal mode
combinations that satisfy inter-component dependencies, and by editing the mode dependency graph, we can obtain
mode combinations without manually going through all possible mode combinations.

6 Experimental Results
6.1 Scheduling

We use the NASA/JPL Mars rover [1] to evaluate the effectiveness our system-level pipelining technique. We
construct a system-level representation that includes the computational, mechanical and thermal subsystems. The
timing constraints on the heaters can be modeled with pseudo-iteration constraints. We also consider the dual energy
sources: solar panel and non-rechargeable battery. We consider three scenarios with different solar power output
levels: 14.9W (noon time), 12W, and 9W (dusk). The min power constraints are set to the respective solar outputs,
while the max power constraints are set to the solar power plus 10W, which is the maximum battery power rating.

Table 1 compares the results of four techniques by using the energy cost to non-rechargeable battery and the
execution time as metrics:

(0) the existing manual solution,
() previous power-aware scheduling [24],
(1) system-level pipelining without pseudo-iteration constraints,

(1) system-level pipelining with pseudo-iteration constraints.

¢ In scenario 1, since the power budget is sufficient, a fast schedule is computed by all schedulers. However,
solution | is quite expensive in terms of energy cost; Il is cheaper. Il delivers same performance with lower
energy cost than both | and Il, and it would not have been possible without pseudo-iteration constraints.



(0) JPL
hand-craft

(1) PIA
Non-pipelined

(I) Pipelined w/o
pseudo-iter.cons.

() Pipelined w/
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3 | 1=75s Ec = 3883V same as (0) same as (0) same as (0)
V=keep x=drop

Table 1: Comparison in three scenarios

Time JPL (0-0-0) Pipeline A (llI-I-0) | Pipeline B (llI-111-0)

Scenario |Distance | Time | Energy|Distance| Time |Energy |Distance| Time |Energy

frame (s) (step) | (s) |cost(3)| (step) | (s) |cost(J)| (step) | (s) |cost(J)
0-599 1 16 600 0 24 600 129 24 600 129
600 - 1199 2 16 600 440 20 600 | 1470 23 600 | 2482
1200 - 3 16 600 | 3114 4 150 776 1 10 85
Total 48 1800|3554 | 48 1350|2375 | 48 [1210 | 2696
Improve- 33% | 33% 49% | 24%

ment

Table 2: Comparison in a comprehensive scenario

e In scenario 2, solutions | and Il produce the same solution that is slower than scenario 1 due to the limited
power budget. Solution Ill produces a fast schedule at a higher energy cost than | and Il, but still within the
max power constraint. No one solution is strictly better than the other, and they represent different tradeoffs.

¢ In scenario 3, the low power budget forces full serialization, and there is only one feasible, slow solution.

Without our pipelining technique that aggressively explores the design space, the designers had no alternative
choices for different scenarios but over-constrained the existing design for the worst case. However, the existing
low-power solution draws less costly energy from the battery than our solutions. To evaluate this tradeoff between
performance and energy cost, we apply our schedules to a scenario where the available solar power varies over time
(Table 2).

Suppose the rover is traveling to a target location in a distance of 48 steps. The mission starts with maximum
solar power at 14.9W (Scenario 1). Then, it drops to 12W (Scenario 2) after 10 minutes, and falls to 9W (Scenario
3) 10 minutes later. If the existing serial schedule is applied, the rover will spend 10 minutes evenly in all three
scenarios at a fixed slow moving speed. This results in a long execution time and very high energy cost in Scenario
3. On the other hand, our technique can produce two schemes. Both schemes use more free solar energy to speec
up in scenarios 1 and 2 so that they can finish the mission earlier to avoid costly scenario 3. Schemes A and B
differ only in scenario 2 where A uses solution | while B uses the faster but more expensive solution Ill. As a result,
scheme A achieves 33% speedup and 33% energy saving; and scheme B even further speeds up by 49% with a 24%
energy reduction. These two alternative designs with different energy/performance tradeoffs are discovered by our
system-level pipelining technique. They cannot be extracted otherwise by the existing techniques.

6.2 Mode Selection

We apply our algorithm to an example based on the Mars rover [46]. The rover travels on the surface of Mars
to perform scientific experiments and shoot images. Its resources consists of a camera (CAM), scientific devices
(SCI), a radio-frequency modem (RF), a microprocessor (PPC), a hazard detector (HAZ), driven motors (DRV) and
steering motors (STR). CAM takes a picture, sends the picture data to PPC for processing, PPC outputs to RF, and
then the rover moves to another location (HAZ, DRV, STR) to perform scientific experiments (SCI, PPC, RF).
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Figure 14: Mode Dependency Graph for the Mars Rover.

Each resource has its own working modes. The microprocessor can work at a number of different clock rates
(with a full speed 500MHz) and can be sethoze, nap or sleep modes. RF modem can berieceive only mode,
transmit-and-receive mode andleep modes. The other resources have only two moadlegndoff. Mode-change
overhead is significant for some resources. The mode dependency graph is shown in Fig. 14.

For example, when hazard detector is working, neither the driving motor and steering motor should be working.
The RF modem is in transmit and receive mode if and only if the processor is processing data and communicating
with the RF modem.

Fig. 15(a) shows a feasible mode schedule, in both the time view and power views. The tasks are labeled with
task name and mode name. The gray areas are idle intervals labeled with mode names, while the light gray areas
represent mode change overhead and are unlabeled.

Task pp2 on the processor cannot be further slowed down because the processor and the RF modem must be
co-active. If the processor is greedily slowed down, it will violate max power constraint during the interval 500 -
560 when the hazard detector is on. The takkd, hazl andstrl are not overlapped due to the system requirement
specified by mode dependency graph. The steering motor and scientific device need significant time to pre-heat,
which is adequately considered (the light gray areas in their tracks). Idle interval betweehlasidrf2 on RF
modem is set toeceive only mode rather thaoff mode because the timing overhead of mode changes (power-
down, power-up and pre-heating) is larger than the length of the interval. Idle interval béfoie set toreceive
only mode for the same reason. The idle interval between tpgk® and ppc3 on the microprocessor is set to
doze,500 mode rather thasleep mode in order to meet the min-power constraint.

Figure 15(b) shows the result when the min-power constraint is set to zero. This allows the microprocessor to
selectsleep mode during the idle interval between tagh and ppc3, allows other devices to seleaff mode
during most of other idle intervals.

The availability of multiple modes of resources gives us opportunities to find better solutions. Our algorithm
utilizes multiple modes and can effectively search mode schedules under system constraints. We compared our
mode selection algorithm with two other approaches: approach one never utilizes multiple modes, but assumes only
two modeson andoff (for a processor, they arffell-speed mode andoff mode.); approach two greedily applies
voltage scaling technique whenever possible (we allow power constraint violation in this approach). The results are
shown in Fig. 16. Note that in all the three scenarios, approach two violates max power constraint. Our algorithm
gives best results because we utilized multiple modes of resources and apply voltage scaling on the processor. At
the same time, we avoid extra energy cost on RF modem by identifying co-activation dependency between the two
resources and performing mode selection to find the feasible solution.

7 Conclusions and Future Work

This paper presents the IMPACCT tool and methodology for system-level power management of power-aware em-
bedded systems. The primary goal of the tool is to greatly expand the range of power/performance trade-offs, so that
the system can most effectively adapt to the wide range of power availability in different operating scenarios. This
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Figure 15: (a) Mode schedule with maximum and minimum power constraints, the processor PPC cannot be greedily
slow down due to the maximum power constraint. (b) A mode schedule with maximum power constraint only. The
result is similar to a low power schedule.



Scenario| Task sequence| Costimpie | COShreedy | COStodesel| pPercentage(simple/greedy/modesel)
A CAM/MOQV/SCI 19002 18442 17935 100% /97.0%/93.4%
B MOV/CAM/SCI 16381 15013 14667 100% /91.6%/89.5%
C CAM/SCI/MQV | 20294 19505 19014 100%/96.1%/ 93.6%

Figure 16: Comparison among different working scenarios. Mission tasks: CAM: shoot pictures; MOV: walk to
another location; SCI: perform scientific experiments. Approaches: simple: assume two modes; greedy: greedily
voltage scaling; modesel: our mode selection algorithm.

can be accomplished by leveraging existing low-power and high-performance techniques, but a naive technique in-
tegration have led to incorrect results because important system-level properties were not properly considered. One
of our contributions is precisely in modeling the important system-level dependencies including co-activation and
intercomponent modes. We have also developed power-aware scheduling and mode selection as two core tools for
computing system-level power management policies. Our scheduler not only generates different schedules whose
parallelism tracks the power availability, but also more aggressively increases the dynamic range by pipeline trans-
formation while preserving timing and power constraints. Our mode selection methodology systematically exploits
novel power management features in new components with a much richer set of power modes while considering
all timing/power overhead associated with mode changes. All of these were made possible by our system-level de-
pendency modeling methodology. Also supported is a system-level simulation engine that coordinates the execution
of heterogeneous models that can range from native code to detailed simulation models and even emulators. They
comprise a powerful framework to aid the quick exploration and validation of power management decisions. We
believe this work represents a major step towards a framework that will be able to effectively integrate the best power
management techniques developed by others and by us.

We are currently pursuing several directions for future work. One ongoing project is to augment the library with
a richer collection of components to include not only processor models but also more types of memory modules,
peripheral devices, and battery models. On scheduling, we are investigating on-line, battery-aware algorithms under
not only power constraints but alsenergyconstraints. This will be supported by models for batteries and other
energy sources [21, 33, 47]. Some initial work was recently propose [29, 32], but we believe energy constraints must
be considered in the context of the battery discharge and even recharge characteristics. Schedulers that are aware o
battery discharge characteristics have been proposed [28, 33] but they do not treat power as constraints. On mode
selection, it is being generalized to algorithm selection (e.g., between alternative image compression algorithms),
which must be accompanied by data structure selection. Switching between algorithms and data structures will
incur even larger timing and power overhead but the potential payoff will be tremendous. Finally, we are exploring
acceleration of system-level power simulations based on the ideaiftive-focusimulation [12]. The key idea is
to dynamically switch the simulation resolution level for different components, depending on where detail is needed.
All components outside the “focus” will be simulated at the highest level possible (fastest, least detail) to provide
the workload to drive the other components. The focus will be selected based on the amount of power that the
component draws as a percentage of the entire system. Together, we expect all these features will make IMPACCT
a compelling tool for power-aware designs in the near future.
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