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Abstract time embedded systems, but also in high-performance server

[2] . Unlike disks, the access time to flash memory is not af-
Recently, cheap and large capacity non-volatile memdigcted by mechanical parts, thus, flash memory is severaterd
such as flash memory is rapidly replacing disks not only in ewf magnitude faster and highly predictable. These desrabl
bedded systems, but also in high performance servers. éJniiharacteristics make flash memory more suitable for RTDBS.
disks, the access time of flash memory is not affected by iHewever, flash memory still has high overhead in access time
chanical parts, thus the access time is highly predictald®wv- compared to volatile memory such as SRAM. Table 1 shows
ever, in real-time embedded databases deadline missesaenaytite overhead of flash memory in comparison to SRAM.

cur if data objects in flash memory are not properly managed. | Type | Read| Write | Erase]
Buffer cache can be used to mitigate the problem. However, SRAM 10ns | 10ns | N/A
since the workload of a real-time database cannot be précise NAND Flash || 10us | 200us | 2ms

predicted, it may not be feasible to provide enough buffacsp

to satisfy all timing constraints. Several deadline missora  Table 1. Characteristics of memory devices [14].
management schemes have been proposed, but they do not con-

sider 1/0 activities. In this paper, we present an 1/O-aware Such gapsin access time is critical for RTDBS because high
deadline miss ratio management scheme in real-time emded#® overheads may incur deadline misses if data objectsatre n
databases whose secondary storage is flash memory. We prperly managed. System designers may provide buffer mem-
pose an adaptive I/O deadline assignment scheme, where @ to mitigate the high overhead of flash memory accesses.
deadlines are derived from up-to-date system status. Vée dipwever, in many cases, the workloads are unknown at design
present a deadline miss ratio management architecture evhéfme and they can change dynamically. Therefore, it may not
a control theory-based feedback control loop preventsuese Pe feasible to provide enough buffer space to satisfy al tim
overload both in I/O and CPU. A simulation study shows thtd constraints. In particular, resource-constrainedestded

our approach can effectively cope with both 1/0 and CPU ovetystems are extremely costly and space sensitive, and tanno

load to achieve the desired deadline miss ratio. afford to have large buffers.
In this paper, we propose an |/O-aware deadline miss ratio

management scheme for a real-time embedded database sys-
1 Introduction tem (RTEDBS) whose secondary storage is flash memory. The
contributions of this paper are three-fold:

A number of emerging applications require real-time data; an adaptive 1/0 deadline assignment scheme,
services to handle large amounts of data in timely fashion2. a model of deadline miss ratio in terms of 1/0 and CPU

Examples include online stock trading, traffic control gttr workloads, and
tracking, and network management. Unlike traditional &ppl 3. a feedback control architecture to satisfy a given daedli
cations, they require transactions to be completed wittnéir t miss ratio.

deadlines. Several approaches using real-time databsteesy

(RTDBS) have been proposed to handle these time-congdaint To the best of our knowledge, this is the first paper on dead-
transactions [4][17][11]. Most of them are based on maifine miss ratio management of RTEDBS with flash storage us-
memory databases due to the inherent unpredictabilitysif ding feedback control to consider both I/O and CPU workloads.
I/0. In main-memory databases, it is assumed that the dedaliarevious approaches on deadline miss ratio management in
is small enough to fit into main memory, thus eliminating mof&TDBSs assumed main-memory databases [11][5]. As a re-
of 1/0 operations. However, this assumption does not haldlt they only considered CPU workloads, which is insuffitie
when the database size is bigger than main memory. Anothdren managing the Quality of Service (QoS) of modern RT-
problem with main-memory databases is that they are vilneEDDBS consisting of volatile memory as well as non-volatile
ble to system failures. Recent advancement in semicondudtash memory. Several I/O-aware approaches [3][7] have been
technology enables us to overcome the unpredictabilitysddsd proposed. However, they assumed disks as a secondary stor-
with cheap and large capacity non-volatile memories. Itigar age, and their primary research focus was deadline-driisn d
ular, flash memory is rapidly replacing disks not only in reascheduling to mitigate the unpredictability of disk operas.



A key issue in deadline miss ratio management with differ- Main Memory
ent kinds of resources, e.g. 1/0 and CPU, is to find out which MZI:nsohry
resource is the bottleneck that causes deadline missesl-In R
EDBS, a deadline miss can happen either because of an over-
load in 1/0O or CPU, or both. By properly setting deadlines for

each resource request and observing its deadline missesc¥iffigured at deployment time and does not change over its
can tell which resource is the bottleneck. However, deg\an jifetime. However, the proportion of allocated buffer psite
deadline for each resource is not straightforward becéese etween different classes is not fixed since a fixed allooatio
deadlines are set for transactions, not for individual wes® can incur inefficient use of the buffer resource.

requests. In this paper, we assume a 2-phase transactia@,mod The 1/O load between main memory and flash memory oc-
where each transaction consistes of an I/0 phase and a congps only when an explicit /O request is issued for a data ob-
tation phase. The I/0 deadlines and subsequent CPU desdljggt not present in the buffer pool. Implicit /O requestsisas

for respective 1/O phases and CPU phases are derived figfye faults are not considered because virtual memoryiis typ
transaction deadlines with up-to-date system overloaista cq|y not supported in embedded systems.

When either 1/O or CPU is overloaded, the related deadline is

adjusted accordingly to give more time to the overloaded [$-9 Data and Transaction Model

source to complete operations.

Having /O deadlines and CPU deadlines enables us to Mear, our data model, data objects can be classified into two

sure and model the system in terms of /0O and CPU Workloagg :

. . . i . ) sses, temporal and non-temporal data. Temporal daatsbj
a?:;:r? Ir Lesigeg:(talv;d; e}ldd“gg rgrs’;éa::%ze'?ssg?%gfwép e updated periodically by update transactions. A tenmpora
P wou ol P .data objectl; is considered valid and fresh as long as the cur-
However, our experiments show that CPU and 1/O deadhp

§nt time is not later than the timestampdofplus the validit
miss ratios are coupled and affect each other, thus, néatisgi - ; ng P y
SR . . interval ofd;. Update transactions are write-only. In contrast to
multiple-input/ multiple-output (MIMO) modeling of the sy

. X update transactions, user transactions may read both tampo
tem. In this paper, the RTEDBS is modeled as a MIMO syste d non-temporal data objects and modify non-temporal data

to capture this coupling of control inputs and system owtput objects.

Us_lng feedback cqntrollers h_as shown to be effective for Because embedded platforms are assumed for our RTEDBS,
real-time systems with unpredictable workload [5][11]}13 . . e
. . .- transactions areanned transactionsvhose characteristics in-
Therefore, a feedback control architecture is proposedim t . . T
. : ) . cluding data requirement and worst-case computation téme i
paper to guarantee the desired deadline miss ratio. At each s

o nown at the design time. However, workload and data ac-
pling instant, the feedback control loop measures I/0 and C :

: . ) cess patterns of the whole RTEDBS can be unpredictable and
miss ratios and computes control signals, e.g., the redjuice

change dynamically because the invocation frequency df eac

and CPU workload adjustment. In particular, our approach C(%rafnsaction is unknown. Since data requirements are knowvn f
trols both I/O and CPU workloads at the same time because g

close interactions between them each transaction, data requests of each transaction cattie g
) ) ered before its computation to improve the response time. To
A set of experiments were performed to evaluate the perf

fth 4 sch o luati it s end, we model each transaction as a two-phase operation
mance ot the proposed scheme.  DUr evaluation resuits Si};\%'vllo phase and a computation phase. In the I/O phase, data
that our approach gives robust and controlled behavioruad

. %bjects for the transaction are brought to the buffer pomfr

yanety of_workloads and access patterns compared to tie b?ﬁe flash memory. If all data objects are already presentan th

line algorithm. . . . uffer pool, the 1/0 phase is skipped. In a single transactio
The rest of the paper is organized as follows. Section 2 fie computation phase can begin only after all its requiegd d

scribes our system and data model for RTEDBS. In Secuono%jects are present in the buffer pool. However, the 1/0 fid t

our de_adhne Miss ratio management _archltecture IS d‘mt”bcomputation phase of different transactions can overlag. F
In section 4, the performance evaluation results are pteden

| ion 5 h lated K Finallv. Secfi example, while transactionis under the 1/0O operation, trans-
h section 5, we present t_ e related work. Finally, eCtlona%tionj can perform its computation. A transaction can commit
concludes the paper and discusses future work.

after the computation phase by updating a copy of the data ob-
ject in the memory buffer. The time required to update tha dat

Figure 1. A H/W configuration.

2 System and Data Model for RTEDBS object in memory buffer is ignored in this transaction mdake!
cause it is relatively small compared to flash memory acsesse
2.1 System Model The buffer manager wikventually write the updated buffers
back to flash memory when the buffer manager is running out
A real-time embedded system having a CPU, main mefy-Puffers. 5
ory, and flash memory is considered. Figure 1 shows a typical N d
H/W configuration of a real-time embedded system. The flash Ri G
memory is used for persistent data storage. i 5 | | 5 L >
io, i cpu,i

The buffer pool is a cache between the flash memory and
the CPU. It is shared between transactions to reduce the data o _ _
storage access time. The maximum size of the buffer pool is Figure 2. The timing of a typical transaction.



Figure 2 shows the timing of a typical transactigwhere By observing the deadline miss ratios for CPU and I/O, we can
T; is a release time)); is a relative deadlineR; is a I/0 time, tell which resource is the current bottleneck in the RTEDBS.
C; is a computation timeD;,, ; is a relative 1/0O deadline, and The desired levels of miss rati,.s, for the guaranteed
D.pu,i is a relative CPU deadline. While the deadline of eacfervice class is expressed in the QoS specification. The de-
transaction is set by the application in consideration of theired level of deadline miss ratio for CPW,. ¢, and 1/0,
worst case I/O time and computation timB;,; and D.,..; myer,i0, are set separately such that their sum is equal to
are dynamically derived from the relative deadlidgand cur- m,..r. The reference deadline miss ratios for I/O and CPU are
rent deadline miss ratio. When the I/O deadline is missesl, theighted according to system overload status as follows,
transaction is aborted and its computation phase is natted.
This dynamic 1/0O deadline assignment scheme is explained in Meref,epu(t) = Pepu(t) X Mres (4)
the section 3.2.

Transactions are classified into classes by their impogtanc
Two service classes, a guaranteed service class and a best ef
fort service class, are assumed in this study for simplidty-
sources including the buffer space is shared between servic Where,
classes. Instead of providing each service class fixed amoun

Mirefio(t) = pio(t) X Mirey ©)

__ Total number of CPU deadline misses

of resources, the allocation of resources to each sendss pepu(t) = Total number of deadline misses (6)

adaptive in our RTEDBS. For example, when the 1/O of a guar-

anteed service class is overloaded, the buffer space oktite b pro(t) = Total number of I/O deadline misses R

effort service class can be utilized to relieve the overldadr e Total number of deadline misses

adaptive buffer space allocation scheme is presented tin8ec

3.4. Note thato,,., (t) andp;,(t) are defined only when the RT-
EDBS has deadline misses, and the surp9f,(t) andp;,(t)

3 Approach equals to one.

A system overload due to a transient surge of the worklogd? Adaptive I/O Deadline Assignment
is the main source of deadline misses in soft real-time syste
Overload can occur in either I/O or CPU, or both. When the Because a transaction deadline is set for the transacton, n
number of deadline misses increases because of the saafrcif{" /O or computation phases, deriving an I/O deadline is no
a specific resource, the feedback control loop for the respuptraightforward. In this paper, instead of setting /O die@s

reduces the workload by adjusting the system parameters.sﬁt'ca"y for each transaction, we define I/O deadlinesirrec

. . : sively as a time-varying function of the deadline miss rafio
this section, we present a QoS management arch|tecturde1wl? pyast sampling p)e/rigd as follows

controls both CPU and I/0O workloads with a feedback control.
1/0 deadline for transaction=

3.1 Performance Metrics
T; +D; —C; x (1 + mcpu(t) X

P28y @

Ci
In our approach, the main performance metric is the dead- ) ) ) _ _
line miss ratio of real-time transactions. A deadline mias ¢ Wherermep.(t) is the CPU deadline miss ratio during the past

happen due to either an 1/O deadline miss or a CPU dead[fi@npling period. Because of (3), the definition of I/O dezelli
miss. is recursive. The initial value fon..,, (0) is setto zero. The I/O

_ _ _ _ _ _ deadline reflects up-to-date resource status and how mack sl
CPU deadline miss: A transaction misses its deadline and alime is required for the computation phase to finish withia th
data objects needed by the transaction are present in @ saction deadline; In our two-phase transaction matel,

buffer pool by the /O deadline. deadline for the computation phase is equal to the tramsacti
I/O deadline miss: Some data objects needed by the transa%gad“ne'

tion are not present in the buffer pool at the I/0 deadling, An /O deadline can be as long &5 + D; — C; when the
In this case, the computation phase is not initiated. ~ CPY IS not overloaded, thus..,, is close to zero; this im-
plies that the computation phase requires less slack timme &t
When a deadline miss happens, it belongs to either a CPUi# transaction deadline. In contrast, an 1/0O deadline @n b
an 1/0 deadline miss, but not both. Accordingly, CPU and I/8s short ag; when the CPU resource is the bottleneck; this
deadline miss ratios are obtained as follows, implies that the computation phase requires more slack. time
Overall, /0 deadlines are set inverse proportionally to@U
e # of CPU deadline misses in admitted transactiona) deadline miss ratio of the latest sampling period.
o # of admitted transactions Setting I/O deadlines can serve two purposes; time-
cognizant 1/0 scheduling and I/O workload control. In this
# of 1/0 deadline misses in admitted transactions, paper, we use I/O deadlines only for I/O workload controtpur
Mo = # of admitted transactions G pose. AFirst-comef/first-servicscheduling policy is used for
I/0 scheduling. We reserve the study on the impact of the-time
where, total miss ratie= mcpy, + Mmio- (3) cognizant I/O scheduling as our future work.




3.3 Deadline Miss Ratio Management Archi- Note that we consider explicit I/O requests and subsequent
tecture buffer misses as the only source of I/O workload. Because /O
workload is determined only by the number of buffer misses,

. . . . e can adjust the 1/0 workload by adapting the buffer hit ra-
Figure 3 shows the deadline miss ratio management arGil- phr. When a random access pattern is assumedb/the

tecture for RTEDBS. Transactions issued by sensors (Upd@ig jinear function of the buffer size and can be expressed as
transactions) and users (user transactions) are placebeonsgjiows,

ready queue. The transaction queue can have several service bhr(b) = 1 x b+ cs (10)
classes. The figure shows the two classes, a guaranteeckservi ’

gueue and a best effort service queue. The transactiongin th

best effort service queue are dispatched only if the readygu  whereb is the buffer size, and; andc, are constants. The
for the guaranteed service class is empty. The dispatches-tr constantg; andc, are obtained by profiling. When the target
actions are managed by the transaction handler which ¢endi€) workload is Wiarget,io, (9) can be rewritten wittbhr as

of buffer manager (BM), freshness manager (FM), concugrerf@llows,

control (CC), and scheduler (S). Transactions are mordthye

the monitor and the statistics of monitored transactionkih Wiarget,io =
ing deadline miss ratiosy(;, andmcy,,), and utilizations ¢;, # of bUff%r agcezsﬁfbwbl))xbuﬁergage size (11)
andu.,,), are reported to the QoS controllers on every sam- andwidth.sampling perio
ling period. I . . .
Pingp Qo8 Cantroller Substitutingbhr to (10) gives the desired buffer size,
CPU, I/0 workload controller
{Multiple input/ Multiple output) ‘ bdesir'ed =
1 _ Wiarget.io x0@Ndwidthcsampling perio
AW AwiJAwq,“ e M Mo e o * (1 T e # of buffer accessbuffer page size -(12)
Actuator
pyson— P R Therefore, the difference between the current buffer simk a
ﬁmmuer }*Awm’ Manager | | % Moritor baesirea 1S the amount of the buffer size to be adjusted to
X achieve the target 1/0 workload.
Abuffer_size . . .
Avpdate rate N\ “‘ It may be argued that adaptive buffer adjustment is unneces-
User Transactions J Dispateh \ | sary because providing larger buffer space will solve l/@rev
ispate Transaction Handler . .
 Update Transactons | - A om [ co | s load problem. However, memory is a scarce resource in most
_ Best Effort Transactions> \ PRt/ embedded systems and we cannot afford to have large buffer
Ready Queue 3loct . - B
ve g memory. Therefore, we need to increase the total utilinatio
Block Queue the buffer memory by adaptively allocating buffer spacedcre
Figure 3. Feedback control architecture service classes. For instance, by reducing the buffer spfeace

Controllers calculate the workload adaptations requiced yervice class when its /O is under-utlllzed., the RTEDB.S can
meet the reference miss ratios, ;.o and,e .cpu, by COM- provide more buffer space to the other service classesdfat i

paring them to current miss ratios. Once the workload chand¢€d Of more buffer space.

are determined, they are enforced by two actuators indepenln contrast to the I/O workload, the CPU workload can be
dently. For CPU workload adaptation, the update rates of tefifliusted by changing the precision of transactions [5] er th
poral data are adjusted. For I/0 workload adaptation, tifeibu freshness of temporal data [11]. In this paper, we change the
size of the guaranteed service is adjusted. If the workleadia freshness of temporal data by changing update intervagsmf t

to be adjusted more than the actuators can handle, the adiR@al data. For details, readers are referred to [11].

sion controller adapts the workload by allowing or denyisgu  If further workload adaptation is not possible by changing

transactions. update intervals and the buffer size, admission contropis a
plied. By allowing or denying more user transactions, work-
3.4 I/0 and CPU Workload Adjustment loads are adjusted. However, we should be careful in applyin

admission control because it changes both 1/0 and CPU work-

In I/O-aware deadline miss ratio management, the worJQ-ad together. Aggressive admission control can make isyste

load should be separately defined for /O and CPU. The cp{istable. For instance, if I/O allows 50% additional usansr
workload,W,,,,, can be measured as the amount of reques@&fion while CPU needs only 10% additional user transastion
computation to do at a given time. However, we need to Ben allowing 50% additional user transaction can cause ove
more specific about I/O workload because the 1/0O workload sffioot in CPU miss ratio. To prevent excessive overshoot, we
a transaction depends on the buffer cache; In the presenceaké conservative approach by taking the average of two. An-
buffer cache, 1/0 requests from a transaction incur I/O apebther interesting issue in applying admission control egcu
tions only if data objects are not found in the buffer. In ouyhen each resource wants to adjust workload in different di-
study, 1/0 workloadJV;, for the past sampling period is estiygctions: e.g., CPU wants to increase its workload by atigwi
mated as follows, 20% additional user transactions while 1/0 wants to deeeas
its workload by 20%. In this case, the admission rate is deter

# of buffer misses< buffer page size > - > : _
= : ©)  mined by the resource that has higher deadline miss ratio.

Wio = bandwidthx sampling period




3.5 Control Loop Design and less than 50%; the operating region of inputs, CPU and I/O
workloads, can be obtained by inverting the MIMO model. The
In this section, we model RTEDBS in terms of I/0 and CP{orm of linear time invariant model for the RTEDBS is shown
deadline miss ratios and build a controller to manage deadlin (13), with parametera andB.

misses.
(et )= (ol ) o (it ) @

Because the RTEDBS is modeled as a MIMO systein,
The first step in the design of a feedback control loop is tlead B are 2x2 matrices. A RTEDBS simulator which will
modeling of the controlled system [9]; the RTEBDS in oubpe introduced in Section 4 was used &ystem identification
study. [12]. In the system identification, relatively prime sinewsa
Unlike previous work [5][11], which have single-inputworkloads for CPU and 1/O were applied simultaneously to
single-output (SISO), the RTEDBS in this paper has multiptget the parameters. In our study, the RTEDBS model has
inputs (¥, andW;,) and multiple outputsricp, andm;,). A — ( 05403 01740\ oqqy (02400 = —0.1208 ) o
We may choose to use two separate SISO models for each Rgipr)a(ra?hzé?grs 0.4500 ) ( —0.0100 01774 )
of‘control 'n?.Ut IandH system F;Utpgtmf“’fmq’“) a:nd (WZH’ hi In terms of system order, note that we model the RTEDBS
rr;o),tr%sgec 'Vetﬁ" _owetv?rr], ' anl\'/lnpl? ;) | N Styfl\/(lanl]t'ls tlg ds a first-order system; the current outputs are determiped b
aufsc (eMIMyOa)nr?]og(relms%uo(JI det?eacoﬁsilgeeregp[%]s I—l|Ja\I/Fiae 'tWtheir inputs and outputs of the last sample. As we will show
P . ) : 9 ?ater, the accuracy of the model is satisfactory and, hethee,
SISO models does not capture the interaction betweenehfferchosen model order is sufficient for our purposes
control inputs and system outputs; for _example, th_e Interac The model can be validated by comparing the experimental
between 1/0 workload and CPU deadline miss ratio cannot ttéesult to what the model predicts. Figure 5 plots the expenim
mo_?;'ﬁg(;’vé:ztxz ?Aici)nrtr;cr)gc?tlisc;n between control inputs tag response of the RTEDBS and the prediction of the model.
. . can see that the model gives highly accurate prediction.
system outputs in the RTEDBS, we performed a series of ex- gv 'ghly accu predict
periments by applying a discrete sine wave input while the :
other input was fixed. We did it for both CPU workload and=-2 Controller Design
/O workload. The workloads were adjusted by controlling theor RTEDBS, we choose to use a proportionalintegral (P1) con
buffer size and update rates of temporal data for I/O and Cld| function given by,
respectively. Figure 4(a) shows the result of applying sinee

35.1 System Modeling

CPU workload with 40% amplitude while the 1/0O workload DR = K Bk 4 I kflE ' 14
was fixed at 120%. While CPU workload changes between (k) = Kp- B(k) + K - 2; (- (14)
=

80% and 120%, 1/0O workload stays at around 110% without

a significant deviation. This result shows that /0O workligsd At each sampling instarit, the controller computes the con-

not affected by CPU workload change. On the contrary, an It®! input U (k) = [W;o(k) Wepy(k)]T by monitoring the

workload change has high impact on CPU workload as shoa@ntrol errorE(k) = [myey,10(k) —mio(k) myer,cpru(k) —

in Figure 4(b). In Figure 4(b), a discrete sine wave input wascpu (k)|T. K, andK are controller gains.

applied to I/O while the CPU workload was fixed at 130%. One important design consideration in computing systems

Even though we fixed the CPU workload, it was affected guch as RTEDBSs which have a stochastic nature is to control

changes to the 1/0 workload, and consequently the CPU detite trade-off between short settling times and overregdtin

line miss ratio was also affected by it. Interestingly erfmugrandom fluctuations. If a controller is too aggressive, ttien

the results show that CPU workload is inversely proportioneontroller over-reacts to this random fluctuation. To thisl,e

to 1/0 workload. This is because transactions are aborteshwhve choose to use the linear quadratic regulator (LQR) tech-

their 1/0 deadlines are missed. The higher the 1/0 deadlinigue to find control gains, which is accepted as a more genera

miss ratio is, the more transactions are aborted by 1/0 deadltechnique for MIMO systems [9]. In LQR, control gains are set

misses. Therefore, CPU workload decreases, thus, decréaginimize the quadratic cost function,

ing the CPU deadline miss ratio. This experiment shows that

?12/221'5 model is more appropriate for RTEDBS than SISO g Z[E(k) VR Q- ( 583
Another issue in modeling a computing system is its non- h=0

linearity and time-variant characteristics. Complex eyt The cost function includes the control errdigk), accu-

such as RTEDBS can show a non-linear response to inputs. faodated errord/ (k), and weighting matrice andR. LQR

example, the CPU deadline miss ratio develops quite diftgre allows us to better negotiate the trade-offs between spéed o

when the CPU is saturated from when it is not saturated. Homesponse and over-reaction to random fluctuation by sabpcti

ever, the system can be approximated quite closely witlatin@ppropriate) and R matrices.Q quantifies the cost of control

time invariant models such as tB&RX model by choosing an errors andR quantifies the cost of control effort. Since con-

operating region where the system’s response is approgiynatrolling I/O workload by changing the buffer size incurs hég

linear [9]. In case of RTEDBS, the operating region of the-conost than controlling CPU workload by changing update inter

troller is set so that the deadline miss ratio is bigger thanval, we impose higher weight on 1/0. We chod®ediag(1/3,

) +UK)T-R-UK). (@15)
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Figure 4. SISO inputs to RTEDBS.

1/8) where 1/3 is the cost of I/O control and 1/8 is the cost of | :ar:‘tmmer — I ‘;‘)‘(‘;g |
. Oof temporal data objects
CPU _control. Then, we choo@:dlag(o._l, 0.1, 0.001, 0.001) Update inerval p,) Uniform(100ms,505ec)
to weight the control errors more heavily than the integtate EET; Uniform(2ms, 4ms)
control errors. For more details on LQR technique, readers a Actual exec. time Normal(EET;, VEET:)
Relative deadline 2 %X P;
referred to [9] # data object access/updafe 1
Finally, in terms of sampling interval, we sample every 10 Bpga:e IfgllJ 'Odad A~<~<5100°//°
ate oal (]
seconds. In RTEDBSs, the buffer management affects the P
choice of sampling interval in particular because the lffe Table 2. Update transaction settings.
ratio changes slowly after adjusting the buffer size. Ifshen-
pling interval is too short, controlling buffer size may moake —L2aameter __l Value
. . . . # of non-temporal data objecty 3000
effect until the next sampling period, thus, wasting thetcin gz, Tniform(3ms,5ms)
effort. Actual exec. time Normal(EET;,/EET;)
LS r——— EEIT; NUM_41a X ReadAccessTime/page
200 - 10 dead O morkdoad - Relative deadline (EECT; + EEIT;) x slack factor
- Rt Slack factor Uniform(5,10)
S s CPU miss predicted i NU M ja1a (/0 intensive) Normal(150, 30)
ForcreRaen s ! oo onss] NU M gate (balanced) Normal(100, 20)
i mwm NU Maara(CPU intensive) Normal(50, 10)
g

Table 3. User transaction settings.

o - S ; - e [ Parameter I Value |
0 100 200 300 40[(‘)"1e (SEESDOHOdS) 600 700 800 900 Read access tlme / page 30“5
Write access time 300us
H i i Erase time N/A
Figure 5. Model validation. Page oize ST2byies
Bank interleaving N/A
. Flash memory max. bandwidth 16MB/sec
4 Experiment BUS bandwidth >~
Buffer size 30 - 3000 data objects
Buffer replacement algorithm LRU

The main objective of the experiment is to test the effeetive _
ness of controlling /0O and CPU workloads together instéad o~ Table 4. Flash memory and buffer settings.
considering only one in the presence of unpredictable work-
loads. A scheme which is not I/O-aware is compared to o(gjlr .

: . te stream updates only temporal data. The update period,
scheme. For experiments, we developed a simulator that moa-

. ., follows a uniform distributionUni f orm(100ms, 50sec).
els the proposed RTEDBS. Various workloads were applledqfﬂe expected execution timeEET)fof a(n update tra)ns-
the simulator to test its performance.

action is uniformly distributed in the range (3ms, 6ms).
4.1 Simulation Settings The actual execution time is givgn by nqrmal distribution
Normal(EET;,«/EET;). The relative deadline of an update

The simulated workload consists of sensor data updatetra' Sset 102 x p;. An _update transacUo_n incurs 1/O operations
actions and user transactions. User transaction worklages' Its targ_et data object is not fo_und in the buffer. However,
synthesized to test wide range of workloads and patterns. ly deao!lmes forupdate t_ransaf:nons are not set begauﬂmp
date transaction workloads follow similar settings as if]{1 transactions are not l/O-intensive. The default settings

I/0 components including NAND flash memory are modeled BTabIe 2 generate about 50% CPU load and less than 1% 1/O
0, -
follow the performance characteristics typically founctom- oad when the buffer can hold 50% of total temporal data ob

mercial products [2]. jects.

4.1.1 Dataand Update Transactions 4.1.2 User Transaction

3,000 temporal data objects and another 3,000 non-tempdtalser transaction accesses both temporal and non-temporal
data objects reside in the database. Among them, the dpta and updates only non-temporal data. The arrival rate of



user transactions to the database follows the Poissori-digtave hardly been studied in real-time databases. Therefere
bution. In terms of the number of data accesses per transammpare our schemé/Q-CPU) with the following baseline
tion (NU Maaia), three settings are tested; 1/0O intensive setcheme which was introduced in [11].

tings where NU M y,:, 1S given by Normal(150, 30), bal- ) ) )
anced settings Whos&U M, follows Normal(100, 20), CPU_—ONLY: This scheme is not I/0O-aware; the 1/10 deadl_lne
and CPU intensive settings whe®U M., is given by is not set_ fqr tra_\nsactlons, and 1/O _and C_:PU d_eadlme_s
Normal(50,10). The execution of user transactions consists a'€ not distinguished. When deadline miss ratio devi-
of an I/0 phase and a computing phase. The expected exe- ate; from the desqed miss ratio, only CPU workload is
cution time ECT;) of the computation phase is given by the ~ adjusted by changing update rates of temporal data and

Uni form(3ms, 5ms). The actual execution time follows Nor- ~ @PPlying admission control; /O workload is not dynam-
mal (EECT;,/EECT,). The expected execution time of the |caI_Iy controlled. Thls scheme is originally de5|gned_ fpr
/0 phase EEIT;) is given by the multiplication oN U Maza main-memory real-time database that has no or negligible

and the read access time to flash memory per page. The ac- /O workload. For comparison to our approach, the RT-
tual execution time of the I/O phase is determined by the num- EDBS was modeled by first-order SISO model; The CPU
ber of data objects found in the buffer. The deadline of a user Workload is the control input and the deadline miss ratio
transaction i EECT; + EEIT;) x slack factor. The slack is the system output. A PI controller is used.
factor is uniformly distributed ranging from 5 to 10. In I/@-i
tensive settings, user transactions result in more 1/0 lpack 4-3 Results
than CPU workload; when 100 user transactions arrive per sec
ond in addition to default update transactions, about 558 an Each simulation is run at least 5 times and their average is
30% additional 1/0 and CPU loads are incurred respectivelgken. 90% confidence intervals are drawn for each data.point
In CPU intensive settings, 18% 1/O load and 30% CPU lod®' deadline miss ratios, confidence intervals are not shown
are incurred. In balanced settings, 35% I/0 load and 30% CIPgcause they are no more than 0.5%. For experiments, the ref-
load are incurred. In experiments, the arrival rates anesae§i €rence miss ratio is set to 3%. Two metrics are used to compare
to increase or decrease 1/0 and CPU load. our approach to the baseline; average miss ratio and through
put. The average miss ratio tells if the miss ratio requinetme
is satisfied, and the throughput tells if underutilizatisnoic-
curred to achieve the miss ratio requirement. The throughpu
When a transaction accesses data objects, the buffer piha inis defined as the percentage of timely transactions over tota
main memory is first searched, and if not found, the data ¢bjesumber of submitted transactions.
in the persistent storage are brought to the buffer in maimme
ory. Least Recently Used (LRW)ffer replacement scheme iy 31 Experiment 1: Varying L oads
used for buffer management. The maximum size of buffer pool
is set to hold 3000 data objects (1/2 of total data objectsp TCOmputational systems usually shows different behavior fo
buffer pool is shared between the guaranteed service andditerentworkloads, especially when overloaded. In tiisee-
best-effort service. The ratio of buffer pool sizes betwiem iment, workloads are varied by applying increasing numtber o
services is adjusted dynamica”y_ A NAND flash memory is agser transactions. Overload can result from either 1/O ddCP
sumed for persistent data storage. Read operations oodhes i O both. We apply three different set of workloads by apyin
unit of a page. The size of a page is set to 512 bytes. Read tiftge different set of user transactions.
per page is set to 3B. Write time is set to 3Q0s. Erase time
is not considered because we assume the size of flash mBaianced I/O and CPU: NUMgqata, the number of accesses
ory is big enough to ignore the effect of erases and garbage data per transaction, followSormal(100,20). The user
collection [6]. The flash memory is assumed to have only one transactions incurs almost same amount of I/O and CPU
bank and read/write requests are serialized to the bankagec ~ Workload. In this setting, the I/O workload varies from
we assume no interleaving between banks, the maximum band- 50% to 190% by applying more user transactions. The
width of the flash memory accesses is determined only by the CPU workload varies accordingly.
access latencies. The_obtained maximum bqndwidth is abelr_l,tu intensive: NU M1, follows Normal(50,10). Each
16MB/§ec. The bandwidth of the interconnection bus between user transaction incurs about 1.5 timEas mo)re CPU load
the main memory and the flash memory 1S assumed_tq be_much than 1/O load. In this setting, the CPU workload varies
greater than the flash memory _bandw@th, thus a\_/0|d_|ng—|nter from 50% to 190%. The I/O workload varies accordingly.
ferences from other bus operations; this assumption i®neas
able when we consider the two most common bus technologigg intensive: NU M, follows Normal(150,30). Each
USB [1] and PCI [16], that have 40 MB/sec and 133.3 MB/sec  yser transaction incurs about 100% more I/O load than
maximum bandwidth respectively. CPU load. In this setting, the 1/0O workload varies from
50% to 190%. The CPU workload varies accordingly.

4.1.3 Flash Memory and Buffer

4.2 Baseline
Note that theworkload in the three settings indicates the
To our best knowledge, the issues of simultaneous contashount of workload applied to the simulated RTEDBS when
of /0 and CPU workloads for deadline miss ratio managemaeaittransactions are admitted and no workload control idiegp



Furthermore, because the measured I/O workload changes féts from underutilization in Figure 6-(a); The miss rasdar

the size of buffer space and its subsequent buffer hit rt®, lower than the desired value.

same set of transactions can incur different I/O workloads i These results demonstrate that controlling 1/0 workload vi
differnet RTEDB settings. In our experiments, sets of ta&@As buffer management not only fosters effective use of buffer
tions are prepared to incuf% workload in a RTEDBS setting, cache resource but also enables fine-grained CPU workload
whose buffer size is 1000 data objects. The same sets of trammtrol. Overall, our approach guarantees the desired QS w
actions are applied to each experiment to gener@tevork- much higher throughput; this implies resources are moezeff
load. The actual measured workload in each experiment magly used in our approach.

be different due to different settings, e.g, different bufizes,

and applying admission control and controllers 4.3.2 Experiment 2: Varying Data Access Patterns

The result is shown in Figure 6-8. The results show thﬁb workload is highly affected by data access patterns. By

bqth l/OfCPU and CPU.'ONLY effec.tlvely achieve the deslre(ﬁiefault, we assumed a uniform access pattern. However, the
miss ratio, that is 3%, in all three different workloads. Howd

ever, throughputs of two schemes to achieve the desired mgga access patterns can be different from a uniform acess p

: AR teérn. Moreover, the data access patterns can change at run-
ratio are quite different. In all three workloads, I/O-CPbws . ' ) S patle 9
; . ime. Therefore, the deadline miss ratio management scheme
much higher throughputs. For instance, when 190% I/O work- L
ould be robust enough to cope with different data accdss pa

load (or CPU workload in CPU-intensive) is applied, 1/0-CP erns. In this section, the effect of data contention isetksts-

I 0/- 0 I -
achieves 17%-28% higher throughput than CPU-ONLY. Tri‘r?%x—yaccess scheme as described in [11]. Inthey access

throughput gap between 1/0-CPU and CPU-ONLY increase : .

. . chemex% of data accesses are directed,té of the data in
as the workload increases. 1/0-CPU shows especially beﬁqeer database. For instance, with 90-10 access pattern, 0% o
throughput than CPU-ONLY when the workload is 1/0 intens : : P '

. 0 ;
sive as in Figure 8. This is because /O-CPU can effectiveiy udata accesses are directed to 10% of data in the database, thu

A curring data contention on 10% of entire data. 50-50 aces
more buffe_r space as shown in F|gur-e 8-(b). For CPU'ONI‘[:k)?tjlttern is essentially equal to uniform access pattern.
the buffer size is fixed at 1000 data objects. As the I/O wattlo

increases, it incurs more buffer cache misses. For I/O-GRyU, di ﬁ\é\/reer:?st_the ;8?5:;”e;ie(:;so_ugoe_lggr(;%c_gobyaigpégg?otg;?:
I/0 workload is effectively reduced by utilizing unused tauf Ty P ’ ' ’

space of best-effort service class. thus. increasing bhifea- 2CC€SS patterns. Because of space limitation, we only show
tig ' ' 9 the result when balanced I/O and CPU workload is applied in

Figure 9. As shown in Figure 9-(a), our deadline miss ratio
Interestingly enough, 1/0-CPU consumes less buffer thgoheme achieves the desired miss ratio in all three diff@@n
CPU-ONLY both in balanced workload and CPU-intensiveess patterns. Furthermore, the throughput of the thressacc
workload even though it achieves higher throughput than-CPghtterns are not significantly different; 90-10 achievesnuoe
ONLY as in Figure 6 and 7. For instance, in Figure 7, 1/Ghan 5% higher throughputthan 50-50. However, the buffer si
CPU achieves 20% more throughput when 190% CPU wotk-achieve the same performance with different accessrpatte
load is applied even though it consumes almost zero buffesige quite different as shown in Figure 9-(b). As the degree of
At first, this seems counter-intuitive because providingenodata contention increases, the smaller size of buffer isigmo
buffer cache should reduce 1/O load, thus reducing deadlieeachieve the same degree of miss ratio and throughput. This
misses due to I/O overload. This result can be attributed goggests that miss ratio management should have flexildterbuf
the close interaction between I/O workload and CPU workranagement scheme to dynamically adjust to different data a
load. When I/O is not the bottleneck causing transactionldegess patterns. Our results demonstrate that the propossd mi
line misses, having larger buffer cache does not improve tfzio management scheme is robust enough to cope with-differ
overall miss ratio. In fact, a larger buffer cache can detate ent data access patterns.
the overall miss ratio. As shown in Figure 4-(b), /O work-
load dogs not. on_Iy contrlol the 1/0 miss ratio but it also colstr A[(.3'3 Experiment 3: Transient Performance
CPU miss ratio; increasing 1/0 workload decreases CPU work-
load by aborting transactions, and in contrary, decred#dg Average performance is not enough to show the performance
workload increases CPU workload, thus incurring more CRY dynamic systems like RTEDBSs. Transient performance in-
deadline misses if CPU is already overloaded. In I/O-CP¥, thluding settling times and overshoots should be small ehtug
transactions which are less likely to meet the deadline ere satisfy the requirements of applications. Three differeoitk-
lectively aborted by having small buffer cache. In otherdgr loads are applied as in experiment-1 to observe the transien
when CPU is overloaded while 1/0 is not, CPU workload cadpehavior of our scheme. Due to the space limitation, we only
be effectively controlled by adjusting buffer cache sizeur-F show the result when the balanced workload was applied in
thermore, 1/0 workload control via buffer cache adjustmient Figure 10. The results are similar when other workloads are
fine-grained, thus it prevents overshooting. In contraBtJ€ applied.
ONLY achieves desired miss ratio only through admission con Originally the system is set to have 30% I/O and 70% CPU
trol when adjusting update intervals of temporal data is nloiads. At 200 seconds, user transactions surge to increase t
available. With admission control, the amount of worklodd al/O workload by 190%. CPU load increases accordingly.
justment is coarse-grained. Therefore, overshoot andesubs we can see that the CPU workload increases instantly to
guent underutilization can happen. Actually, CPU-ONLY-suB30% after 1/0O workload is reduced by the controller at 230
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designed to control I/O and CPU workload simultaneously. Ou
approach gives robust and controlled behavior in terms af-gu
anteeing the desired miss ratio and achieving high throuighp
in diverse workloads, access patterns, and even in therprese
of transient overloads. The proposed algorithm outperédha
baseline algorithm where only CPU overload is considered. A
one of the first work on I/O-aware deadline miss ratio manage-
ment, the significance of our work will increase as flash mem-
ory increasingly replaces disks in real-time embeddedgayst
We will extend this work in several ways. One direction is
to investigate the impact of applying different I/0O scheagl
algorithm such as EDF; in this paper, we used FIFO policy for
its simplicity. Secondly, we plan to implement our scheme in

. _ _ real embedded platforms.
seconds. This is because reducing I/O workload by incrgasin

the buffer cache size allows more transactions to be issaured eferences
the CPU phase without being aborted at the 1/O phase, thus,

T

1/0 workload —=—
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Figure 10. Sudden surge of I/O and CPU work-
load.

http://www.everythingusb.com/usb2/fag.htm.

settles down within 70 seconds. 70 seconds settling time m
not be satisfactory for some real-time systems whose waddo
are highly bursty. However, it satisfies the requirementgidé
range of real-time applications.

causing a sudden increase in the CPU workload. The miss ra@
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