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Abstract— processing.

Microservers are resource-rich sensor network nodes that  Typically, designers employ low-power nodes with lim-
perform complex tasks such as image processing, databasgted processing and storage to read input from the sensor,
query processing, localization, and target classification. 54 eqate data, or store it for future use. This enables inex-

While microservers can accomplish complex tasks, the re- ensive deplovments over a wide area. While small-sized
quired resources come at the cost of increased power con—p ploy '

sumption. To address this problem, a number of embedded N°d€S, such as motes, work well at the edges of the net-
platforms have employed a tiered architecture. Each tier WOrK, they are poorly suited for the demands of performing
is an independently operating subsystem containing its own complex signal processing tasks, storing large amounts of
memory, storage, wireless interface, and processor. Typi- persistent data, or running a full database with query pro-
cally, such a hardware platform combines tiers with widely cessing.

varying resources and power consumption characteristics. |, response, recent projects have proposed the use of

Th.'s. presents a SUbStam'f"‘l opportunity to develo.p ENeT9Y" more powerful nodes that act asicroserverswithin the
efficient software systems; however, that opportunity has not . . -
network [37]. In one such scenario, depicted in Figure 1,

yet been fully realized. ) .
In this paper, we present the design offriage, a software Small-sized wireless nodes gather sensor data, and feed

system for tiered microservers. The overarching goal of them back to a local microserver for processing and stor-
Triage is to reduce the amount of time a high-power tier age. Video data, acoustic data, and seismic information are
must remain on by enabling a low-power tier to execute then compressed, processed, and stored in an in-network
tasks on its behalf and batch work when possible. Ourevalu- storage system or database. The set of microservers form
ation demonstrates that by using the low-power tier to batch a powerful back-bone for the network, communicating di-

file system reads and writes, we achieve a battery lifetime rectlv or throuah routing nodes to disseminate. agaregate
four timeslonger than a system that wakes the high-power y 9 9 » aggregate,
or query sensed data.

tier for every operation. Further, using the low-power tier i o
to execute smaller image processing tasks can increase the Remote sensing applications, such as James Reserve

system lifetime by up tofour times and Great Duck Island [26], depend on untethered, battery-
powered, microservers to provide in-network storage and
|. INTRODUCTION processing. While there are fewer microservers than sen-

sor nodes in remote locations, power is equally inaccessi-

Untetgereg setnsor tl;]etwork deploymdentts uset batteBYé to all nodes. It is crucial that the microserver is energy
powered nodes 1o gather, process, and sloreé s ream%fﬁéient, as increased energy consumption translates into a

sensec_:l data. These deployments emplo_y a_heterogen(?é)rlé%r battery, one with a shorter life, or large and intrusive
collection of nodes, sensors, and applications. Exa%lar arrays [26]

ple applications include video processing [4], acoustiC

. . ~~ Unfortunately, high-power platforms are less efficient
detection and localization [14], as well as general si

. 1an low-power designs for lightweight tasks such as stor-
nal processing [22]. The sensors needed for these app); incoming data or processing small amounts of data.

_cations produce data that requires online _processing e method to ensure that a microserver operates with
in-network storage [11] for event correlation and posf‘hinimal power consumption is the use oftired hard-



can increase the system lifetime by udaar times
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Our goal is to develop a software control architecture
_________ o to support Hierarchical Power Management (HPM) [36].
HPM refers to the technique of using several tightly cou-
Vibration pled hardware platforms as a single integrated system that
; O Sensors IS optimized for energy efficiency. This section describes
Q" U the characteristics of this kind of hardware system.
Acoustic

Generally, platforms with more resources (e.g., process-

v AN ing and memory) can complete tasks faster as well as those

Sensors """ 9 with higher resource requirements. However, resources
ﬁ}" come at the cost of greater power requirements. Tiered

hardware platforms address this dichotomy by combining

two or more tightly coupled but independently operating
Fig. 1. Microserver Deployment embedded subsystems, as shown in Figure 2. The up-

per tiers are strictly more capable and power-hungry than

ware platform. This platform contains two or more distint%?wer uers. Th'.s means that any task a lower-tier sys-
em can do, a higher-tier system can also perform. Plat-

i iff ints. The |
ol Suboysem, ot lower tet can andls ghtwerglg s S1h 25 the Stargate 38, ), Turducken 36], and he
p y , = ; g éASTA sensor node [34] employ this model.

tasks while the upper tier remains in a power saving mode.
This approach is collectively referred to as Hierarchical

Power Management (HPM) [36].
This tiered hardware design presents an opportunity Tier-1 Subsystem
to substantially lower the power consumption of a mi- | ﬁ Loy '
croserver through intelligent software control. In this pa- : Uy £
per, we present the design dfiage, a software architec- Storage CPU Memory  Wireless
ture for microservers. Triage reduces the amount of time § g,yery
high-power tier must remain on by enabling a low-power Comm;L:‘;"a“"” Wakeup Control
tier to execute tasks and batch work. Triage also balancg ¥
responsiveness with energy consumption. Specifically, wq Tier-0 Subsystem
propose the use @urrogateservices that run on the low- = . o
power tier. While the high-power tier is in a power-saving > mew Wé}\

mode, the surrogates act on its behalfdi8patchey run-
ning on the low-power tier, determines where and when
tasks should be executed in order to ensure a low system-
wide energy cost.

. To support the kinds of applications .hlghllghted in the Tiers are tightly coupled and directly communicate over
|ntroduct|on', we have_ _created a working prototype t_hgtwired link. This enables a lower tier to trigger the wake-
runs on a slightly mOd'f'ed SFargat_e platform. We prowdﬁ of a higher tier when necessary. Also, while a particular
several surrogate services, including a generic execution . tin use. it can be shutdown suspended, or hiber-
service, an image processing service, and an in—netw?i ’ ’ ’

; ice. Wi luate th OtVDE' ; ed to save power. We assume that the tiers draw power
storage service. We evaluate Ihe prototype's p(lar ormanesn a single battery. Because both tiers must have power
against current designs using two applications: a stor €the platform to work, using a single power source mul-
server and an image processing server. By using the |Ch lexes the power draV\’/ optimally

power tier to batch storage reads and writes, our syste he HPM technique is particularly effective for a plat-

?Chli\éei a ?(attetrr)]/ Ilf_tlrr?ﬁ)ur tlmtgsl(;nger than a Syf‘.' form containing subsystems that are separated in power
em that wakes the high-power Ler for every opera Ioe'onsumption and capabilities by an order of magnitude or
Further, using the low-power tier to process small imag

. ) ) : <2 Mmore. For instance, a Stargate subsystem draws 40 times
while sending the large ones to the high-power tier, Trlagﬁe power of an Atmel-based mote and computes at 67

Fig. 2. Hierarchical Power Management



times the clock rate and four times the bus width—this isous writes for that value. This technique can reduce the
the combination we use in our implementation. While thenumber of tasks that must be passed to the higher tier and
node was originally intended to act as a gateway, it proenable longer suspend/off periods for the higher tier. In

vides a readily available HPM test platform. some cases, the lower tier may also be able to complete
a task without passing it to the higher tier. For example,
Il." SOFTWARE ARCHITECTURE if the lower tier receives a database query for informa-

Existing hardware provides the foundation for apply-tion that it has cached, it may respond without waking
ing the HPM technique, but the hardware alone does ndhe higher tier.
provide energy-efficient operation. Our goal is to desi
a dynamic software architecture thdispatchesetwork-
suppliedtasksto the tier that can mogifficientlycomplete
each task given a set obnstraints A task is any process-
ing, storage, or communications job that the microservar
needs to perform. Efficiency is determined based on the
amount of energy it requires for a given tier to execute the
task. Any measurement of task energy efficiency must al4o :
. . g . . Storage Image Generic
consider any overhead associated with waking a tier and System Processing Processing
y
f

n
gB. Architectural Components

Tier-0 Subsystem (eg. Mote

Network Requests / Local Application

transferring the task. Constraints may refer to the latend Surrogate Surrogate Surrogate
of completion of the task or the resource requirements ¢ |

the task. Dispatching or routing of tasks is crucial in prof |
viding a long lasting but responsive microserver.

| 1
A. Design Goals Tier-0 Wakeup Control
Processor, Storage,

The Triage design is based on the following goals: Network Interface

Dispatcher |

e Dispatch tasks to meet efficiency constraintsA task Procesner
rocessor, Storage

should be routed to the tier that can accomplish it most Network Interface
efficiently. Associated with each task is a set of param-
eters detailing the predicted energy and time required to
complete the task on a given tier, the capabilities required
of a tier executing the task, and any constraint on the la-

tency of completing the task. Using this information, the Our Triage software architecture, shown in Figure 3,

architecture can make a routing decision that meets {&, ;45 4 set of operating system extensions to enable ef-
specified constraints in the most efficient manner posglsient yse of a tiered microserver. We have designed our

ble. mechanisms such that they can lie outside of or within the
operating system of each tier. Current trends in sensor net-

e Aggregate and defer work when possibleDeferring : . o
" . work operating systems blur the line between applications
work—a traditional OS technique—allows the system to
. . and modules, and we have made no effort to resolve that
aggregate tasks so that the higher tier processes thengli N ence

m . As we show in our evaluation, waking the higher L o
asse. As We sho our evaluation, waking the highe The locus of control in Triage lies in the least powerful

tler_ls a critical factor in the I|f¢t|mg of the system. D.efier of the platform—tier 0. When a task arrives at tier-0,
ferring work as long as possible improves system life-

. . it is passed to aurrogateresponsible for that type of task.
time by amortizing the wakeup cost over a set of batch P gat P ype ot .
tasks. e surrogate determines whether a task can be immedi-

ately processed, or defers the work by writing it to a log.
« Optimize tasks when possible Performing optimiza- This log is held in the local storage of tier-0. The surrogate

tion on the set of batched tasks allows the system to h&lﬁ’q Iggs ied\{eral eﬁtmaskkpargme_tgrm aidinthe rou_tlng
more tasks in limited storage as well as enables the s§§CiSion. Adispatchemmakes decisions on aggregating re-

tem to fulfill requests directly from the batch. For induests and waking the more powerful subsystem: tier-1.

stance, if the lower tier receives an updated value fgf%h of these elements are detailed below.
a reading from a sensor node, it can cancel any previ-

Tier-1 Subsystem (eq. Stargate)

Fig. 3. Triage Architecture



B.1 Task Parameters termines task parameters for incoming tasks. A surrogate
To assist the dispatcher in making routing decisions, tA@Y also directly execute or optimize tasks based upon any
surrogate stores each task with a set of parameters: semantic information it has apout the task_s c_ontalned in the
log. When a surrogate receives a task, it first determines
» Responsiveness constraintThe responsiveness conyhether it can execute the task based on entries cached in
straint describes a hard deadline for task completion. the log. This provides low latency for operations that have
high degrees of temporal locality. For instance, in the case

e Responsiveness prediction:The responsiveness preys 4 storage system, a read may be serviced by previous

diction estimates how long the task will take to execu{gyites found in the tier-0 log. If a task cannot be serviced
on each tier. using cached log entries, the surrogate generates the task
parameters and inserts the task and its parameters in the

* C{.’lpab'“ty (_:onstramt: The capability constraint de'lo . After logging the task, the surrogate notifies the the
scribes the tiers that possess the resources, for exan?ﬁ’i%atcher that there is new work in the log

memorty (?[Lstora?e, t?: complet'e the t?g:_' TT)'SI Cons;[ramtl\/lanaging the size of the log is critical in extending the
prevents Ihe System from assigning to tier-t farge aﬁh‘%time of the microserver. Once the log fills, tier-0 has no

that it cannot complete. choice but to wake tier-1 and truncate the log. To reduce
o Efficiency prediction: The efficiency prediction speci—the S|zet of thg Ig_g, ;tlhus O::efe”;ng the wiktgup oft_tle_r-l,
fies the amount of energy, in joules, that the task is antjea'ogates periodically periorm log cancetiation optimiza-
. ; tions. For example, if the log contains a database insertion
ipated to consume on each tier of the system.

and a new insertion overwrites it, the previous insertion
The responsiveness constraint helps the dispatcher ¢ be removed from the log.

termine how long a task can be deferred while the effi-
ciency prediction, capability constraint, and responsivB-3 Dispatcher
ness prediction help the dispatcher to determine where therhe dispatcher makes routing decisions that specify
task should be performed. when and where to execute tasks logged by the surrogates.
The surrogates must generate the responsiveness preflis decision is based on the deadline for the task, the pre-
tion, capability constraint, and efficiency prediction. Ongicted amount of time it will take to execute the task, the
approach is to use a model for each kind of task includifgedicted energy cost of executing the task on each tier, the
execution time on each tier, the power draw of that tier digmount of time to transfer the task’s parameters and results
ing that task, and the size of input that the tier can handjgit is executed on tier-1, and the cost of waking tier-1 if
For many sensor network tasks, such as signal processiggessary.
and storage system writes, simple models based on the siz@/hen the dispatcher is notified that a new task has been
of the input parameters can be formed a-priori—we giyggged, it first determines if the task can be executed by
an example of one such model in our discussion of the iffer-0 at the lowest energy cost. If so, itimmediately begins
age processing surrogate. The responsiveness constraigkétution of the task—there is no benefit in delaying its
optionally supplied from network nodes requesting serviggecution. Otherwise, the dispatcher defers the execution
from the microserver. If no responsiveness constraint is iflecision until the deadline is imminent.
CIUded, the microserver will delay its execution as |Ong as Responsiveness constraints are considered hard dead-
possible. lines, but rely on a correct estimate of task completion
time. The dispatcher must subtract the estimates of com-
pletion and transfer time from the deadline to determine
The surrogates act on behalf of tier-1. When possiblée actual time the task will finish. Additionally, the dis-
they execute tasks that can be more efficiently completgstcher assumes that tasks and transfer of parameters are
on tier-0 enabling tier-1 to remain in a low-power statgompleted serially, with no concurrency between jobs. Al-
We envision a host of surrogates: a generic processing sHbugh the dispatcher has assumed serial transfer of pa-
rogate, an image processing surrogate, a storage systgeters, many surrogates are capable of pipelining pa-
surrogate, a database surrogate, and a network routing gineters and tasks. For instance, the storage system surro-
rogate. These components provide standard interfacegdge can begin writing data to disk as soon as the system
applications or services running on the tier-O system, sugbots, and the leading edge of the log arrives.
as a reduced version of the UNIX file system interface.  Delaying the execution as long as possible is consistent
Each surrogate managesog of pending tasks and de-with our principle to defer work as long as possible. This

B.2 Surrogates



increases the chances that the task will be canceled throagéd to the requesting node. Since the surrogate possesses
a log optimization, and maximizes the efficiency gains oo semantic knowledge of the individual tasks, it cannot
batching work. However, because the space for loggipgrform any useful optimizations on the work queue. Even
work is limited, the dispatcher may be forced to truncataching results from identical RPC calls is not possible
the log even if a deadline is notimminent. Moreover, marwithout severely restricting the kinds of jobs being exe-
tasks, such as updates to the tier-1 storage system, musiuied.
executed on tier-1, and the dispatcher has no choice but to _
wake it to begin execution. B. Image Processing Surrogate

When the dispatcher determines that it must wake tier-The image processing surrogate is capable of detect-
1, it does so using the control interface and sends the tagkg objects within an image using a standard kmeans al-
and parameters to a daemon running on tier-1. Tier-1 gorithm. The object detection task can be performed on
ceives the data, performs the task, sends the results to tgther tier, and time and energy estimates are used to route
0, and returns to a low-power state. the task for execution on the proper tier. A full image
processing surrogate would provide many other functions,
such as compression, object recognition, classification,

We present three example surrogates to demonstrateahd segmentation.
wide applicability of Triage. The first surrogate is a gen- In order to accurately estimate computation time we em-
eral processing surrogate. It exposes a very limited int@irically developed a model for the kmeans function based
face, and only provides the benefits of batching at tiesn image size and the maximum number of objects being
0. The second surrogate is an image processing surtetected. We observed that for a fixed image size the com-
gate which is able to take advantage of semantic infornaite time grows linearly with the maximum number of ob-
tion that is not available to the generic processing surijects. However, for a fixed number of objects the compute
gate. This information allows tight estimates of compuime grows quadratically in the total image size (i.e. pixel
tation time and energy consumption which result in momunt). Based on these two observations, we decided on
efficient task dispatching. The third surrogate is a storagesimple model for estimating time in the following form,
system. The storage surrogate is an example of a surrogaitere?’ is the compute time§ is the image size in pixels,
with semantic knowledge, and the ability to optimize anahd N, is the maximum number of objects to detect:
cache results.

IV. EXAMPLE SURROGATES

. . T =c1(S — o)’ + 3N+ ca 1)
A. Generic Processing Surrogate _ _ _ .
We ran this computation on many different images of

The generic processing surrogate provides an RPC'%%erent sizes and with different values foV, in order

interface, allowing the programmer to specify any task {B appropriately set the constanmts. . ., ¢4 for both tiers.

much the same way as gdlocal perggeiure call. For INStan@te that this is only one possible model that could be
a programmer can proviae an that compresses an dtky. however, for any such model, the required accuracy

dio stream, or perfo_rms an FFT. _ is determined by the cost of missed deadlines. If timeli-
In qrder to meet timeliness constraints, route tasks, ah€ss constraints are hard real-time deadlines, then a more

effecpvely cpnserve pOWer, a sgrrogate must be ableé curate, or at least more conservative model is needed. In

predict the time and energy required to execute each &5 ilding this surrogate we assumed a soft real-time policy,

P.redlc.tlng the execution time of a generic functlon_on aﬂlowing a few minor violations of timeliness constraints
given input is an unsolvable problem without addltlone&lue to small inaccuracies in our prediction model.
function-level information. The client may have additional

information about the requirements of the call, but the mg, Storage System Surrogate
croserver provides no information to clients about its own

. . One of the primary motivations for deploying a mi-
energy efficiency or capabilities. Due to these limitationg . .
. . ctoserver is to provide data storage resources far beyond
clients can only send tasks that can be computed on tier- .
. . . . . that of a smaller sensor node. We enable this through a
and limits Triage to batching only—it cannot provide rout- .
. L storage system surrogate. Its interface has been greatly
ing or timeliness guarantees.

. implified from UNIX-style file systems and does not cur-
When a remote node sends data to the microserver for : . . . .
. . rently provide directories, lookup, or partial writes—all
processing, tier-0 logs a remote procedure call, the da{[
|

) : €s must be written in their entirety. Not supporting par-
and the task parameters. When tier-1 finally executes fu? o - y upporting p
al writes is somewhat limiting, however, it is similar to

RPC, the results are written back into the log and are deliv-



a block style interface, where all blocks must be writtethat the result of the read request will be fulfilled by a cer-
in entirety. Full UNIX-style semantics are unnecessary tain time. Without this parameter, Triage will not provide
demonstrate the utility of this surrogate; however, we pldie results of the read until its log fills or until the timeli-
to expand the interface in future Triage implementationsess constraint of another task forces a commit. The stor-
The full contents of the storage system are stored on tiage system service has an optional timeliness parameter
1's storage system. In the case of the Stargate platfotimat serves as a default maximum to bound responsiveness.
this is 32MB of flash memory. When a remote node sends a write request to the mi-
Since Triage aggressively suspends or powers down tiereserver, it logs the write request and data. Similarly for
1, the full storage system is typically unavailable. In oread and delete requests, the request is logged. For each
der to provide more energy-efficient data availability, theead request, the system consults a log index to determine
lower tier, holds a log that is a subset of the storage syghether or not it can provide the data immediately from
tem. It contains the most recent write requests, read tiee log. If it cannot, then the read is delayed as long as its
guests, metadata updates, and also a cache of recently tisagliness constraints will allow.
results. The use of logging is similar to a Log Structured For each request the surrogate attempts to optimize the
File System [32] and the split of the log and full storagleg. A delete request cancels any previous writes in the
system is similar to those found in distributed file systenhsg. Itis not necessary to look for intervening reads, as par-
such as Coda [33]. tial writes are not allowed, and those read requests would
have already been fulfilled by a logged write.

The results of all operations are written to the log on the
% Iovlver—tfier, ?jnd the higherdtiir goes.back to sfleep. The re-
Cache sults of read requests, and the previous set of writes remain
///////% I in the log, and serve as a cache for future requests.
Cached storage data is managed using an approxima-
tion of theleast recently usedviction policy. For writes,
W the time of use is considered to be when the microserver
Batching %///////% I I I received the request—writes can be considered completed
when Triage writes them to its stable storage. For reads,
H Read Request /////// Read Cache the choice is less clear: we could chose the time that the
_ 7 _ read request arrives, or the time it is completed by the sys-
Uncommitted Committed
Write Write

Oldest Newest | When .the log finally fills and no fgrther op_timizatio.ns
1 are possible, the log must be committed to tier-1. Triage
) wakes the tier-1 subsystem, and begins sending the log
Batching ].]_. over the local bus. The higher tier commits all writes and
deletes, as well as returning the results of read requests.

|Oldest Newes

i

tem. Without a clear disadvantage, we chose that latter,
as it is more convenient for avoiding fragmentation issues.
To see why refer to the process demonstrated in Figure 4.
Fig. 4. Storage System Log Management During the batching phase, the log accumulates read re-
guests along with uncommitted writes. During the commit
Providing efficiency estimates is much easier for thighase Triage wakes tier-1 and commits all of the writes.
surrogate than for the image processing surrogate. As\alhen tier-1 returns the read results, they are also written
data is eventually committed to tier-1, for writes it is uninto the log as a cache. The read itself just occurred, how-
necessary for the surrogate to provide any estimates of emer the actual time of the request is interspersed with the
ergy use or responsiveness. Even though tier-0 does remtent set of writes. In light of the severe resource and
immediately commit updates to the full high-power stocomputation constraints imposed by the lowest tier, and
age system, the system still provides write-read cons@ir preference to avoid fragmentation issues, we chose the
tency, as the written data still exists in the log. Any subssimpler policy that favors these reads as “most recent”.
guent reads on the same data will be fulfilled by previolead results are therefore written into the cache immedi-
writes in the log. ately preceding the most recent batch of writes. As space
In the case of reads, remote nodes can optionally plmecomes scarce, the oldest part of the cache is the first to
vide a timeliness criteria to this surrogate. This guarantdes overwritten by new requests. However, for a read re-




guest that hits in the cache, no effort is made to rearrandeM hardware platforms would allow faster transfer of
the flash to match this more recently used item—to do tasks between tiers, either with a high-speed bus or by
would require several copy operations that the mote daesng shared memory. Second, when supplying power to

not necessarily have space to complete. the mote through the on-board connector, the mote draws
roughly 160mW. This is 4 times the power the mote draws
V. IMPLEMENTATION when powered by its own power supply. Unfortunately,

In order to evaluate our approach we have implementgdpplying it from its own power supply is not an option as
a working prototype of our Triage architecture. This prdhe mote is improperly isolated from the Stargate board.
totype, built for existing HPM hardware, consists of a didVe are currently working on resolving this issue. In the
patcher and three surrogates. evaluation section we present results that quantify the ef-

fect of each on energy efficiency.
A. Prototype Hardware

We built our prototype on a hardware platform consisE' Dispatcher and Surrogates

ing of a slightly modified Crossbow Stargate (tier-1) and As part of this prototype, we implemented a dispatcher
a MicaZ mote (tier-0). This hardware platform was cha@nd three surrogates: generic processing, image process-
sen because it is easily programmable, well supported, dng, and storage system. Each surrogate exposes specific
runs Linux, making available a broad range of softwafgterfaces to the application, manages its work queue, and
tools and services. While this platform was not originalljnodels the complexity and requirements of its tasks. Each
designed for HPM, we made only minor modifications tef these system components were implemented according
the hardware to support it. to the design described previously.

In order to support our software architecture, we decou-We implemented these components as TinyOS modules
pled the power control of the mote and Stargate, allowingitten in nesC [13]. Surrogate queues are stored and man-
them to operate independently; we added new control &ged on the mote’s measurement flash using the Match-
terfaces to the Stargate for waking, suspending and poweex filesystem [12]. The dispatcher and generic surrogate
ing down the Stargate from the mote; and we had to unsepmprise 1,500 lines of nesC code, while the storage and
der a pin on the Stargate which was preventing the mdtage processing surrogates consist of roughly 2,000 and
from accessing its flash memory while connected to th&0 lines of code respectively. We also implemented an
Stargate. execution engine which runs on the Stargate and executes

There are several methods for putting tier-1 into a loasks when they are received from the mote.
power state. Tier-1 can be suspended (memory refreshed),
hibernated (memory written to flash), or shutdown (mem-
ory not saved). The choice between these states dependdhe main purpose of Triage is to enable a battery- pow-
on the length of time tier-1 is expected to be in the lowered microserver to consume as little energy as possible
power state, and we consider this issue orthogonal wiithout sacrificing responsiveness constraints.
our work. When suspended the Stargate draws roughly o
160mW of power as compared to other PXA-based pldt: APplications
forms that draw less than 40mW in suspension. This over\We have developed two applications in order to demon-
head unfortunately makes suspension far too expensstmte the benefits of our approach: a in-network storage
to use. Even at 40mW, this is roughly equivalent to theerver and an image processing server. These applications
amount of power normally drawn by the mote while exeare representative of types of applications which are typi-
cuting. Regardless, our system is designed to keep tier-kally deployed on a microserver.

a low-power state as long as possible, and except for heavyAn in-network storage server has many advantages in a
workloads, full shutdown is a better option. sensor network. It facilitates the sharing and aggregation

This hardware platform is not completely ideal foof data across multiple sensor nodes and provides a simple
Triage for two other reasons. The main limitations that insolution to the storage limitations which are common to
pact energy efficiency are the serial transfer speeds andltive-power sensors. This application services network re-
power supply for the mote. First, the two devices commuguests to read from and write to the Stargate’s filesystem.
nicate over a serial line which is limited to 57600 bps. ARequests are serviced using the storage system surrogate.
a result, transferring 512 KB of batched work along with Image processing addresses another reason for deploy-
protocol overhead takes more than 1 minute and wasteaga microserver in a sensor network: computational lim-
great deal of energy while blocked on serial I/O. Improvethtions. In this application the image processing server

V1. EVALUATION



receives images and is responsible for classifying them usFor each experiment, we measure the average power
ing a k-means classification algorithm. Whenever an imensumed by the entire system during the batching and
age arrives it is stored using the storage system surrogatecution phases. These average power values are used
and then processed using the image processing surrogateen dilating these phases, and to compute the average
This demonstrates how multiple surrogates can be useghower draw for the entire system. For example, in Fig-

concert by a single application. ure 6 if the batching phase and the execution phase have
average power consumptioiy and P, respectively and
B. Methodology run for t, andt, seconds, the average power over the the

In each of our experiments, we measure the power cdatal time would be given bypb?’i—fbt

sumed by the system using the method shown in Figure 5For each system we compare in our graphs, we measure

We collect power traces by measuring the current that the average power draw of the system under three different

system pulls across a 1-Ohm resistor. These measuremu@igikloads. These measured values are shown with an "X”

are taken using an Agilent 54621D Oscilloscope tracim the graphs. From these results, we use extrapolation to

the voltage drop across the resistor. project system power consumption for a wide range of ad-
ditional points. These projections are shown as lines along
with the measured results.

= 5/%'281”5 = We compare three approaches. The simplest approach

Oscilloscope 1 uses tier-0 as a network interface (NIC), which listens for

| Power/_ | incoming tasks and forwards them immediately to tier-1

Sargate | %%\ Micaz Mote|  for execution. We implemented two variants of this NIC

5\éfp%‘?;er o ohm ; oeral Bus | approach. The first powers down tier-1 in between task
e Hardware Reset Switch moeouputpin  &ITivals, and the second only puts tier-1 into a suspended

T — J state, which draws some power but allows for more rapid

Relay activation of tier-1. The other two approaches are the

1 I _l Triage system without log optimization, which uses only

batching and routing, and the full Triage system with log
optimizations.
As we previously described, the Stargate fails to appro-

This measurement approach is simple and accurate, Bﬂfttely isolate the two tiers from each other, which results

limits the size of traces that we can collect. This limitd! tier-0 drawing4.5 times more power than it does when

tion is not inherent to the measurement method, but is OQJ%Wered separately. To more accurately show the potgntial
to a limitation of our oscilloscope, which can only recor8f our system, we est|mat_e what our results WOUId be if the
traces of up t® minutes. power supply of the two tiers were properly isolated from

We address this problem using time dilation. As showt'® ar:jotlher. Such aﬁyste_m W(_JUId draw(';hde same pow?_r as
in the sample trace in Figure 6, phase-specific power céhstan ha one(;notevc\J/ en tller-ll 'E pIO\éVﬁ_r_e ciwn. In our fig- d
sumption patterns make it is easy to distinguish betwel|FS: t_dese adjuste rezu ts, Ia eled Triage®, are presente
the various phases of execution. For example, there is%{png& € our measured results.
ways a brief drop in power consumption at the end of the Image Processing Server

booting phase before it begins executing its first task. We . . _
have observed from our experiments that both the time be-The Purpose of our first set of experiments is to demon-

tween waking tier-1 and the time tier-1 spends executifg@te the benefits of batching and routing. In each experi-
tasks during each waking period are linear in the amoJHENt images arrive at the image processing server on tier-
of flash being used on tier-0. This allows us to use only%2nd are either processed locally or delegated to tier-1.
portion of tier-0's flash storage, for experiments that would N the first experiment blocks of image frames arrive at
require longer thas minutes of batching to fill the avail- € image processing server at different rates. Each im-
able storage space. We then scale the batching phasefi Plock processed has a size200 bytes. K-means
execution phase times to what they would be if the entiféssification 0200 byte blocks requires more memory
storage space was being used. The boot-up and shutdI@h is available on tier-0. Therefore, these image blocks

time remain constant, since they do not change with tRE® batched and executed on tier-1 when tier-0 runs out
amount of data being processed. of storage space. In this experiment tasks were not given

responsiveness constraints.

Fig. 5. Experimental Setup
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Fig. 6. A Sample Trace showing the various phases of the ekég. 8. The power consumed by the Image Processing Server

cution in an experiment is shown with respect to percentage of large frames in the
workload. Triage is able to conserve energy by routing
small images to tier-O where they can be processed more
efficiently.
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ever, when the frame arrival rate is large tier-1 saturates
and should always remain on to process the requests.

The second experiment demonstrates the benefits of
the dispatcher by introducing smaller image block80(
bytes) which can be processed more efficiently on tier-0
than tier-1. We fix the frame arrival rate at 1 frame/sec and
vary the fraction of the workload that is made up of these
small images. As in the previous experiment, processing
tasks are not given responsiveness deadlines.

The results of this experiment are shown in Figure 8.
This figure demonstrates the potential benefits that can be
achieved using routing in addition to batching in Triage.
Fig. 7. The power consumed by the image processing serpginamically routing tasks to the most energy efficient tier

;hown with respect to frame arrival rate. Triage consutnegesylts in as much as 0% decrease in average power
times less power than the NIC. consumed, and 5% reduction wher50% of the images
are more efficiently processed on tier-0. If the tiers are

The results of this experiment are shown in Figure @ppropriately isolated from each other, the power draw re-
This shows the benefits that result from using batching duction increases %5%. The degree to which routing will
a tiered microserver. Without any additional routing or logeduce energy consumption clearly depends on the system
optimizations, the Triage system consumes as litti&és workload.
as much power as the NIC system. Triage achieves this enin our third experiment, we consider the effect of re-
ergy savings by amortizing the cost of waking tier-1 acrosponsiveness constraints. We vary the deadlines for im-
many processing tasks. Also, the Triage* numbers indicatge processing tasks for a fixed frame rate of 1 large
that the potential gain is even greater, achieving as mucame/second. Note, that we do not use any time dilation
as al85% reduction in power consumption over the NIGor this experiment.
approach. The graph also shows that if the frame blocksFigure 9 presents the results of this experiment. This
arriving per second is small it is more advisable to suspefigure shows how application-supplied responsiveness
the tier-1 system rather than powering it off. This is besonstraints work in opposition to the power reductions
cause for smaller frame arrival rate, we boot up the systawhieved using batching and routing. If task results are
more often and the overhead of the bootup is large. Homeeded immediately, Triage must constantly power tier-1,
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Fig. 9. The power consumed by the Image Processing Seri&y. 10. The power consumed by the In-Network Storage Server
is shown with respect to the length of task deadlines. Triage is shown with respect to the increasing probability of read-
consumeg times less power than a NIC for smaller dead- hits in the cache. Triage savé% power over Triage with

lines. no optimization
and no power is conserved over the NIC system. Fortu- B Mote/Task Execution
nately, we also see that if the application is willing to tol- 5 StoraatoNon-Overiapped Serial Transfer
erate a0 second delay, we geti% reduction in power 300 2 Stargate/Boowp
draW Over a NIC. Total Power : 198mW Total Power : 350mW
250
D. In-Network Storage Server % oo |

Our second experiment demonstrates how caching ang
log optimization in Triage result in additional energy sav- § 1501
ings. We vary the locality of storage server accesses folg
a fixed server load. In this experiment, the storage serveg
services random reads from and writes, at a constant rate 50 -
of 8 transactions per second, t@@MB data store located
on tier-1.

The requests are not given any deadlines. It is also im-
portant to note that for this experiment Write-Write op-
timizations are not used. The reason for this is that dﬁ
to implementation details of the Matchbox filesystem, this
optimization takes00ms to replace a single write in the
log. As a result, we cannot currently support Write-Writt$ increased, larger number of optimizations would be pos-
optimizations for workloads of more thahtransactions Sible which leads to larger power savings.
per second. We are currently looking into the ELF filesy?:_-
tem as a possible alternative to Matchbox in expectation of
higher throughput. Finally, we examine the power consumption of the indi-

The results of this experiment are shown in Figure 1@idual activities of the Triage system. Figure 11 shows this
When the workload has higher locality, Triage is able to reomparison for the image processing server, with a frame
duce the power consumption of the system up to 6%. Tiagival rate of2 frames/second, and the in-network stor-
improvement is the result of using Write-Read optimiz&ge server, processirygtransactions/second. This figure
tions only. We expect that adding Write-Write optimizashows the fundamental differences of these two applica-
tions would provide additional benefits of larger magntions. For the in-network storage server, the majority of
tude since removing a write from the log saves more spdbe power consumed is by the mote (tier-0) and the trans-
than a read. Moreover, if the throughput of the filesystef@r of data between tiers. The energy used to transfer task

100

In-Network Storage Server Image Processing Server

Lg. 11. The average power consumption is shown for different
components of the Triage system.

Component Power Consumption
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data could be greatly reduced by using a higher speed dd¢aign. In particular, we used the queued RPC mecha-
bus or a shared memory. The image processing servaism from Rover as a basic building block. However,
tasks are much more computationally intensive resultifigiage differs from traditional mobile systems. First, with
in a large portion of the average power consumed in prorage there is a new element of control: the “client” (the
cessing the images on tier-1. Both of these applicatioless powerful system) can directly control when connec-
show a significant power draw by tier-0. This power cortions and disconnections occur to the “server” (the more
sumed by the mote has been discussed previously, andpseerful system). Second, the less powerful system is
hope to be able to modify our hardware to reduce this Inyore resource-constrained than a typical mobile laptop—
at least a factor of 3. We also see that the time to boot ther lowest tier only contains 4kB of program memory. Ad-
Stargate is not a significant factor in the average systelitionally, we have integrated the competing concerns of
power draw. quality of service and energy in our design criteria.
To express our results in terms of battery lifetime, if
we use a Lithium-ion laptop battery of capacity.5Wwh, C- File Systems
Triage* would las20 days as an image processing server Logging file systems have been proposed both for hard
that receives two frames/second. However, if we duty cylisk drives, such as the Log-Structured File System [32],
cle Triage*l% of the time , it can last up t6.5 months as as well as flash memory, such as ELF [7] JFFS2 [40], and
compared to a NIC system which would last 8% days Matchbox [12]. In our prototype, tier-0 uses the Matchbox
under similar conditions. file system and tier-1 uses JFFS2. However, any efficient
flash file system will work. Our contribution lies in the
distribution of the file system over two connected devices.
The design and implementation of Triage draws from
several related research areas, which we survey here. D- Energy Management

VIlI. RELATED WORK

Reducing the power consumption of mobile devices has
been the subject of much research. Approaches include
Several sensor network systems utilize a subset ssfaling the CPU voltage and frequency [9, 16, 23, 39],
the participating nodes as aggregaters, central processiranaging wireless interface usage [1], turning off banks

nodes, or gateways [15]. This work can be classified intd RAM [18, 21, 24, 27], or employing microsleep [20, 5].
algorithms for networks of homogeneous devices and &i-a larger device, such as a Stargate, these techniques still
gorithms for networks of heterogeneous devices. In hde not enable a power mode comparable to a mote device.
mogeneous systems such as Heed [41], LEACH [17], a@dir architecture is designed to support devices that can op-
the system proposed by Bandyopadhyay and Coyle [3], #¥@te at power levels separated by an order of magnitude.
leader, or clusterhead, rotates among nodes in the networlPapathanasiou and Scott made an observation similar to
The goal is to distribute the extra energy drain incurrezbrs: batching work, or increasing idle periods, leads to
by the leader. In heterogeneous systems, larger, mgreater energy efficiency [28]. However, the goal of the
powerful nodes called microserveherd other smaller their work was to increase burstiness in laptop disk drives.
nodes [37]. Our work focuses on the latter scenario andThe Wake-on-Wireless project (WoW) [35] proposes a
addresses the need for a power-aware software archit@ierarchy of devices for PDAs, including a low-power re-
ture to reduce the energy drain on the resource-rich nodeaver that can wake the PDA. Our goal is similar to WoW,
to reduce power consumption in battery powered devices.
B. Disconnected Systems But, we have placed a large amount of functionality in the
Triage is similar to many mobile systems in that parts égwest tier. Our tier-0 system is capable of actually exe-
the system can become disconnected when suspended;Ufing some tasks without waking tier-1.
bernated, or powered down. Several mobile systems have
addressed disconnection and lack of availability betwegn
participating nodes. Examples include file systems such afkecently, many sensor platforms have emerged. These
Coda [33] and Ficus [31], databases such as Bayou [8, pBjtforms span a broad spectrum of power requirements
and DBmate [30], remote execution systems, such as Spased functionality. A popular instance of sensor platforms
tra [10] and Chroma [2], and general toolkits such as the family of motes. These nodes are commercially
Rover [19]. Many of the techniques found in these sysvailable, widely used, and include the Crossbow MicaZ
tems, such as logging and caching, strongly influenced @und Mica2Dot as well as the Telos node. All of these nodes
consume peak power between 10-40mW and are tuned to

A. Microservers and Clustering

Sensor Platforms



be highly power efficient. The primary design goal of these
platforms is a small form factor, low cost, and very low
power such that lifetimes of a few years can be obtain&y

on two AA batteries.

(7]
There are also several more capable but still very power-

efficient sensor nodes such as the Yale XYZ [25]. This
node has dynamic frequency scaling capability and can ﬁ
erate between 2MHz and 56MHz with a power consum%-
tion of up to 3x greater than the mote. Such intermediate

platforms can be used as clusterheads in applications that
have moderate computation requirements.

For instance

while localization can be performed on such a node it ca[r%]-
not run a full database.

Our architecture targets resource-rich but power ef-

ficient sensor platforms that combine two processittf]

elements—one small and one large. Two instances of such

architectures are currently commercially available. The
Stargate platform [6, 38] is the node that we use in ofr]
work. The PASTA node is an architecture that combines a
trip-wire board with a DSP processor together with a PXA

processor [34]. Other instances of such dual processor sys-
tems have been suggested in the literature although tiey

are not commercially available.

[13]
VIIl. CONCLUSION

This paper presents the design, implementation, and

evaluation of Triage, a software architecture designed (4]
minimize the energy consumption of a tiered hardware
platform. It works by enabling a low-power tier to routgy 5

tasks and batch them when possible.
demonstrates that Triage yields a substantial energy sav-

Our evaluation

ings for applications such as in-network storage and image
processing.

(1]

(2]

(3]

[4]

5]
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