|/O-Aware Deadline Miss Ratio M anagement in Real-Time Embedded Databases

Woochul Kang, Sang H. Son, and John A. Stankovic Mehdi Amirijoo
Department of Computer Science Department of Computer and Information Science
University of Virginia Linkoping University
{wk5f,son,stankovik@cs.virginia.edu meham@ida.iiu.se
Abstract memory. Another problem with main-memory databases

is that they are vulnerable to system failures. Recent ad-
Recently, cheap and large capacity non-volatile mem-vancementin semiconductor technology enables us to over-
ory such as flash memory is rapidly replacing disks in em-come the unpredictability of disks with cheap and large ca-
bedded systems. While the access time of flash memory acity non-volatile memories. In particular, flash memory
highly predictable, deadline misses may occur if data ob-is rapidly replacing disks not only in real-time embedded
jects in flash memory are not properly managed in real-timesystems, but also in high-performance servers [2] . Un-
embedded databases. Buffer cache can be used to mitlike disks, the access time to flash memory is not affected
gate the problem. However, since the workload of a real-by mechanical parts, thus, flash memory is several orders
time database cannot be precisely predicted, it may not beof magnitude faster and highly predictable. These desir-
feasible to provide enough buffer space to satisfy all tim-able characteristics make flash memory more suitable for
ing constraints. Several deadline miss ratio managemenRTDBS. However, flash memory still has high overhead in
schemes have been proposed, but they do not consider I/@ccess time compared to volatile memory such as SRAM.
activities. In this paper, we present an I/0O-aware dead- Table 1 shows the overhead of flash memory in comparison
line miss ratio management scheme in real-time embeddetb SRAM.
databases whose secondary storage is flash memory. We

[ Type [[ Read | Write | Erase |
propose an adaptive I/O deadline assignment scheme, where [ SRAM [ 10ns | 1ons | N/A |
I/0O deadlines are derived from up-to-date system status. We [ NAND Flash | 10us | 20Qus [ 2ms |
also present a deadline miss ratio management architecture o )
where a control theory-based feedback control loop prevent Table 1: Characteristics of memory devices [17].

resource overload both in I/0O and CPU. A simulation study g ,ch gaps in access time is critical for RTDBS because

shows that our approach can effectively cope with both /O g, 1/0 overheads may incur deadline misses if data ob-

?nd CPU overload to achieve the desired deadline miss ra‘jects are not properly managed. System designers may pro-
io.

vide buffer memory to mitigate the high overhead of flash
memory accesses. However, in many cases, the workloads
are unknown at design time and they can change dynami-
cally. Therefore, it may not be feasible to provide enough

] o . _ buffer space to satisfy all timing constraints. In particu-

A number of emerging applications require real-ime gy, resource-constrained embedded systems are extremely

ion. Examples include traffic control, target tracking, and pffers.

network management. Unlike traditional applicationsythe

1 Introduction

) ) - _ X In this paper, we propose an I/O-aware deadline miss ra-
require transactions to be completed within their deadline management scheme for a real-time embedded database

Several approaches using real-time database systems (RIy ciam (RTEDBS) whose secondary storage is flash mem-
DBS) have been proposed to handle these time-constrainte, by. The contributions of this paper are three-fold:

transactions [4][20][14]. Most of them are based on main-

memory databases due to the inherent unpredictability of 1. an adaptive 1/0 deadline assignment scheme,

disk 1/0. In main-memory databases, it is assumed that the 2. a model of deadline miss ratio in terms of I/O and CPU
database is small enough to fit into main memory, thus elim- workloads, and

inating most of 1/0 operations. However, this assumption 3. a feedback control architecture to satisfy a given dead-
does not hold when the database size is bigger than main  line miss ratio.



To the best of our knowledge, this is the first paper on deadwork.

line miss ratio management of RTEDBS with flash storage

using feedback control to consider both I/O and CPU work- System and Data Model for RTEDBS
loads. Previous approaches on deadline miss ratio manage-

ment in RTDBSs assumed main-memory databases [14][5]

As a result they only considered CPU workloads, which is 2.1 System Model

insufficient when managing the Quality of Service (QoS) of A real-time embedded system having a CPU, main mem-

modern RTEDBS consisting of volatile memory as well as . . ;
) ory, and flash memory is considered. The buffer pool is a
non-volatile flash memory. Several I/O-aware approaches

., cache between the flash memory and the CPU. It is shared
[3][8] have been proposed. However, they assumed disk : .
T etween transactions to reduce the data storage access time
as a secondary storage, and their primary research foc

) . ; . L YPhe maximum size of the buffer pool is configured at de-
was deadline-driven disk scheduling to mitigate the unpre- . L
ployment time and does not change over its lifetime. How-

dictability of disk operations. . )
i i ) . ) . ever, the proportion of allocated buffer pool size between
A key issue in deadline miss ratio managementwith dif- yittarent classes is not fixed since a fixed allocation can in-
ferent kinds of resources, e.g. /0 and CPU, is to find cur inefficient use of the buffer resource.

out which resource is the bottleneck that causes deadline The I/O load between main memory and flash memory

misses. In RTEDBS, a deadline miss can happen either beg ¢\, only when an explicit I/0 request is issued for a data
cause of an overload in I/0 or CPU, or both. By properly qpyiect not present in the buffer pool. Implicit 1/0 requests

setting deadlines for each resource request and observingc a5 page faults are not considered because virtual mem-
its deadline misses, we can tell whlch resource is the bo_t'ory is typically not supported in embedded systems.
tleneck. However, deriving a deadline for each resource is
not straightforward because the deadlines are set fordcans 2.9 Data and Transaction Model
tions, not for individual resource requests. In this paper,

assume a 2-phase transaction model, where each transaction

ggg(sjﬁt]zz c:n?jnsllgspehazen?giz ¢ doerggﬁ;aetéofgf:}easseéc-lt—.hg :;%Iasses, temporal and non-temporal data. Temporal data ob-
' ubsequ ! pectiv cts are updated periodically by update transactions. In

ﬁ;‘:ii;tﬁnudpgggagg2?/;56?;803::";23 ;rtc;rt‘ﬂstransactmn dea{fbntrast to update transactions, user transactions may rea

. i . both temporal and non-temporal data objects and modify
Having 1/0O deadlines and CPU deadlines enables us t%on-temporal data objects.

measure and model the system in terms of I/O and CPU  gecayse embedded platforms are assumed for our RT-

workloads and their respective deadline miss ratios. Agpps transactions a@nned transactionsvhose charac-
straightforward approach would be to build separate mod-gyistics including data requirement and worst-case cempu
els for /0 and CPU. However, our experiments show thatiation time is known at the design time. However, work-

CPU and I/O deadline miss ratios are coupled and af-554 and data access patterns of the whole RTEDBS can be

fect each other, thus, necessitating multiple-input/ ipléit | redictable and change dynamically because the invoca-
output (MIMO) modeling of the system. In this paper, the {5 frequency of each transaction is unknown. Since data

RTEDBS is modeled as a MIMO system to capture this COU-raqirements are known for each transaction, data requests
pling of control inputs and system outputs. of each transaction can be gathered before its computation

Using feedback controllers has shown to be effective forto improve the response time. To this end, we model each
real-time systems with unpredictable workload [5][14][16 transaction as a two-phase operation, an I/O phase and a
A feedback control architecture is proposed to guarantee th computation phase. In the 1/O phase, data objects for the
desired deadline miss ratio. At each sampling instant, theransaction are brought to the buffer pool from the flash
feedback control loop measures 1/0O and CPU miss ratiosmemory. In a single transaction, the computation phase can
and computes control signals, e.g. the required I/O and CPUegin only after all its required data objects are presethign
workload adjustment. In particular, our approach controlspuffer pool. However, the 1/O and the computation phase
both 1/0 and CPU workloads at the same time because obf different transactions can overlap. For example, while
close interactions between them. transaction: is under the 1/O operation, transactigrcan

The rest of the paper is organized as follows. Section 2perform its computation. A transaction can commit after
describes our system and data model for RTEDBS. In Secthe computation phase by updating a copy of the data ob-
tion 3, our deadline miss ratio management architecture igect in the memory buffer. The time required to update the
described. In Section 4, the performance evaluation iesultdata object in memory buffer is ignored in this transaction
are presented. In Section 5, we present the related workmodel because it is relatively small compared to flash mem-
Finally, Section 6 concludes the paper and discusses futurery accesses. The buffer manager wilbntually write the

In our data model, data objects can be classified into two



updated buffers back to flash memory when the buffer man\When a deadline miss happens, it belongs to either a CPU or
ager is running out of buffers. an 1/0 deadline miss, but not both. Accordingly, CPU and
1/0 deadline miss ratios are obtained as follows,

D;
N Ri Ci
Tl | : ‘ ‘ ' | v # of {CPU|I/O} deadline misses in admitted transactions
i » MY epuli - N N
- _ > {epulio} # of admitted transactions
Dlu,l DCP“,I (1)
where, total miss ratie= mepy + mio < 1. 2

Figure 1: The timing of a typical transaction. By observing the deadline miss ratios for CPU and 1/O,

F|gure_1 shows the_ t|m|ng_ of a typ_lcal trans_actlan we can tell which resource is the current bottleneck in the
whereT; is a release timeD; is a relative deadlineRR; RTEDBS

is a I/O time,C; is a computation timeD,, ; is a relative

ILO (;ea?jll'.ne' ind)cpﬁ‘-ri IS a rel_qtllve CPtl)J dﬁadlmel.. Wh'le teed service class is expressed in the QoS specification. The
.t € e?d In€ o e?ch transactlonslf/sgt. yt e;\pp |cat|on. desired level of deadline miss ratio for CPtd,¢ ¢, cpy,, and
in consideration of the worst case /O time an computatlonllo’ Mres 0, re set separately such that their sum is equal

time, Dio,; andD.y,,; are dynamically derived from the rel- tom,.s. The reference deadline miss ratios for I/O and CPU

ative deadlln_eDl-_ano! current deadline miss ratio. When_ are weighted according to system overload status as fallows
the I/0O deadline is missed, the transaction is aborted and it

computation phase is not initiated. This dynamic I/O dead- Myt {epulior (1) = Plepulio}(t) X Mpes (3)

line assignment scheme is explained in the Section 3.2.  where,
Transactions are classified into classes by their impor- Piepulio}(t) = : :

tance. Two service classes, a guaranteed service class and Total number of deadline misses

a best effort service class, are assumed in this study for i

simplicity. Resources including the buffer space is shared__NOt€ thatoe,u(t) andpi(t) are defined only when the

between service classes. Instead of providing each servicE1 EPBS has deadline misses, and the sum.pi(#) and

class fixed amount of resources, the allocation of resource&io(?) €guals to one.

to each service class is adaptive in our RTEDBS. Our adap- . X .

tive buffer space allocation scheme is presented in Sectios-2 Adaptive I/O Deadline Assignment

3.4.

The desired levels of miss ratiay,..¢, for the guaran-

Total number of CPU| I/0} deadline misses

4)

Because a transaction deadline is set for the transaction,
not for I/O or computation phases, deriving an 1/0 deadline
is not straightforward. In this paper, instead of settir@ I/
deadlines statically for each transaction, we define l/@édea

A system overload due to a transient surge of the work-jines recursively as a time-varying function of the deaellin
load is the main source of deadline misses in soft real-timey,iss ratio of the past sampling period as follows

systems. When the number of deadline misses increases be-
cause of the scarcity of a specific resource, the feedback
control loop for the resource reduces the workload by ad- D; —Cy

justing the system parameters. In this section, we present C; ) ’ ®)

a QoS management architecture which controls both CPUwheremcpu(t) is the CPU deadline miss ratio during the

3 Approach

I/O deadline for transaction=

T, +D; —C; x (1 + mcpu(t) X

and 1/O workloads with a feedback control. past sampling period. The initial value for.,,(0) is set
. to zero. The I/O deadline reflects up-to-date resourcesstatu
3.1 Performance Metrics and how much slack time is required for the computation

phase to finish within the transaction deadline; In our two-

In our approach, the main performance metric is thephase transaction model, the deadline for the computation
deadline miss ratio of real-time transactions. A deadlinephase is equal to the transaction deadline.

miss can happen due to either an I/O deadline miss ora CPU  an |/O deadline can be as long 4 + D; — C; when
deadline miss. the CPU is not overloaded, thus;.,, is close to zero;
CPU deadline miss. A transaction misses its deadline and S implies that the computation phase requires less slack

all data objects needed by the transaction are present iHme tp meet the transaction deadline. In contrast, an_ /0
the buffer pool by the I/0 deadline. deadline can be as short @ when the CPU resource is

the bottleneck and most I/O request can be handled in the

I/0 deadline miss: Some data objects needed by the trans-data buffer without incurring physical I/O operations and
action are not present in the buffer pool at the I/O dead-1/O deadline misses in the end; in this case the computation
line. In this case, the computation phase is not initiated.phase requires more slack time. Overall, I/O deadlines are



set inverse proportionally to the CPU deadline miss ratio ofsize of the guaranteed service is adjusted bybthféer size
the latest sampling period. However, in practice, the twoestimator If the workload needs to be adjusted more than
extreme cases rarely happen since the controller keep ththe actuators can handle, the admission controller adagts t
deadline miss ration.cp. + mi,) underm,..y, e.g. 0.01. workload by allowing or denying user transactions.

Setting I/O deadlines can serve two purposes; time-
cognizant I/O scheduling and I/O workload control. In this 3.4 I/0 and CPU Workload Adjustment
paper, we use |/O deadlines only for I/O workload control
purpose; the controller controls the I/O workload based on In I/O-aware deadline miss ratio management, the work-
mo. In terms of 1/O scheduling, Birst-come/First-service  load should be separately defined for I/O and CPU. The
scheduling policy is used for its simplicity. We reserve the CPU workload,IW,,,, can be measured as the amount of
study on the impact of the time-cognizant I/O scheduling asrequested computation to do at a given time. However, we

our future work. need to be more specific about 1/0O workload because the

I/0 workload of a transaction depends on the buffer cache;

3.3 Deadline Miss Ratio Management Ar- In the presence of buffer cache, I/0 requests from a transac-
chitecture tion incur 1/O operations only if data objects are not found

in the buffer. In our study, /0 workload};, for the past
Figure 2 shows the deadline miss ratio management arsampling period is estimated as follows,

chitecture for RTEDBS. Transactions issued by sensors (up-
date transactions) and users (user transactions) arelglace Ww,, — Pofbufferaccess (1 — HIT) x buffer page size
the ready queue. The transaction queue can have several ser- bandwidthx sampling period 7
vice classes. The figure shows the two classes, a guaranteed . . . .
service queue and 21 best effort service queue. Tr?e transac-. wherg,HIT Is the buffer h|t.rat|o d“f'r.‘g the past sam-
tions in the best effort service queue are dispatched only ifpllng period. Note that we consider explicit I/O requests an

the ready queue for the guaranteed service class is empt 'ubsequent buffer misses as the only source of /O work-

The dispatched transactions are managed by the transa oad. Once the target I/O workloa@io target, 1S given

tion handler which consists of buffer manager (BM), fresh- rom the contrqller (in Section 3.5), the tgrget buffe_r ait 1
ness manager (FM), concurrency control (CC), and scheglio can be obtained from (6). The buffer size to achieve that

uler (S). Transactions are monitored by the monitor and thet"’“g(at buffer hit ratio can be estimated with an estimation

statistics of monitored transactions including deadlingsm Lucgon [6][93' Iln tg's pz;:per, me usle tt_he tgc?nlquetﬁrogofsred
ratios, (n;, andme,,), and utilizations ¢;, andu., ), are y Brown et al. [6], where the relation between the buffer

reported to the QoS controllers on every sampling period. size and the bgffer hit ratl(_) is linearly approximated with t
05 Conton last two hit ratio observations.

It may be argued that adaptive buffer adjustment is un-

Cariiceoadconioh A necessary because providing larger buffer space will solve
{Multiple input/ Multiple output) .
| I/O overload problem. However, memory is a scarce re-
- AW Mo Mgy Yo, Upo source in most embedded systems and we cannot afford to
Actuator | have large buffer memory. Therefore, we need to increase
an‘ﬂw e Bufer . : _t theltotal utilization of the buffer memory by adapu_velycall
Contraller | ““Wo=| | Manager | | S onter cating buffer space to each service classes. For instapce, b
N g reducing the buffer space of a service class when its I/O is
Supdate rae N : under-utilized, the RTEDBS can provide more buffer space
User Transadions | _ ‘ to the other service classes that is in need of more buffer
x Dispateh 9 Transaction Handler
—Update Transactions | A eM [FM [cc [ s space.
~ Best Effort Transactions > N\ AoResrt—_/ In contrast to the 1/0O workload, the CPU workload can
oc . . .« . .
Ready Queve " be adjusted by changing the precision of transactions [5] or
Block Queue the freshness of temporal data [14]. In this paper, we change
Figure 2: Feedback control architecture the freshness of temporal data by changing update intervals
Controllers calculate the workload adaptations requiredof temporal data. For details, readers are referred to [14].
to meet the reference miss ratios,. ¢, andmy ¢ cpu, DY If further workload adaptation is not possible by chang-

comparing them to current miss ratios. Once the workloading update intervals and the buffer size, admission control
changes are determined, they are enforced by two actuatolis applied. By allowing or denying more user transactions,

independently. For CPU workload adaptation, the updateworkloads are adjusted. However, we should be careful in
rates of temporal data are adjusted by @uality of Data  applying admission control because it changes both 1/0 and
(QoD) manager. For I/O workload adaptation, the buffer CPU workload together. Aggressive admission control can



make system unstable. For instance, if I/O allows 50% ad-the I/O workload, and consequently the CPU deadline miss
ditional user transaction while CPU needs only 10% addi-ratio was also affected by it. Interestingly enough, the re-
tional user transactions, then allowing 50% additional use sults show that CPU workload is inversely proportional to
transaction can cause overshoot in CPU miss ratio. To pret/O workload. This is because transactions are aborted when
vent excessive overshoot, we take conservative approach bheir I/O deadlines are missed. The higher the 1/0O dead-
taking the average of two. Another interesting issue in ap-line miss ratio is, the more transactions are aborted by I/O
plying admission control occurs when each resource wantgleadline misses. Therefore, CPU workload decreases, thus,
to adjust workload in different directions; e.g., CPU wants decreasing the CPU deadline miss ratio. This experiment
to increase its workload by allowing 20% additional user shows that a MIMO model is more appropriate for RTEDBS
transactions while 1/0 wants to decrease its workload bythan SISO models.

20%. In this case, the admission rate is determined by the Another issue in modeling a computing system is its non-

resource that has higher deadline miss ratio. linearity and time-variant characteristics. Complex syst
such as RTEDBS can show a non-linear response to inputs.
3.5 Control Loop Design For example, the CPU deadline miss ratio develops quite

differently when the CPU is saturated from when it is not
In this section, we model RTEDBS in terms of I/O and si':\tur?ted_.thch_)wevetr, the_ syst.emt Candb? appr;:xmz;g;ﬂ( quite
CPU deadline miss ratios and build a controller to manageC osely with finear time invariant models such as ,
: : model by choosing an operating region where the system'’s
deadline misses. ) ) X
response is approximately linear [11]. Even when the sys-
tem’s response is highly non-linear, the system can be mod-
3.5.1 System Modeling eled with linear models by dividing the operating regiomint
several sub-operating regions, which is approximately lin
ear; in this case, adaptive control techniques such as gain
wud scheduling [11] can be used for control. In case of RT-
st yll'k , K hich h ingle- EDBS, the operating region of the controller is set so that
) Unlike previous work [5]{14], w Ich have sing e—lnput,_ the deadline miss ratio is bigger than 0 and less than 50%.
single-output (SISO), the RTEDBS in this paper has multi- 5q \ye will show later, the accuracy of the linear model in

ple mpxts Wepu r?ndWiO) and multiple OUtplgfé%Pu a2d| othe operating region is acceptable, hence, the linear nimdel
mio). We may choose to use two separate MOAEIS 10K tficient for our purpose. The form of linear time invariant

each pair of control i”p‘%t and system OUFP‘Wc%u* Mepu) model for the RTEDBS is shown in (7), with parametars
and (W;,, m;,), respectively. However, if an input of the

system is highly affected by another input, then a Multiple

Inputs/Multiple Outputs (MIMO) model should be consid- ( mio(k+1) ) :A.( mio (k) )+B.( Wio(k) ) @)
ered [10]. Having two SISO models does not capture the\ mepu(k +1) Mepu (k) Wepu (k)
interaction between different control inputs and systetr ou Because the RTEDBS is modeled as a MIMO systém,
puts; for example, the interaction between I/0 workload andand B are 2x2 matrices. A RTEDBS simulator which will
CPU deadline miss ratio cannot be modeled with two SISObe introduced in Section 4 was used ®ystem identifi-
models. To understand the interaction between control incation [15]. In the system identification, relatively prime
puts and system outputs in the RTEDBS, we performed asine wave workloads for CPU and 1/O were applied simul-
series of experiments by applying a discrete sine wave intaneously to the simulator to get the parameters. In our
put while the other input was fixed. We did it for both CPU study, the RTEDBS model has — ( P ) and
workload and I/O workload. The workloads were adjusted 0.2400  —0.1208 _ ' ' _

by controlling the buffer size and update rates of temporal® = ( 00100 01774 ) as its parameters. All eigen-
data for I/O and CPU respectively. Figure 3(a) shows thevalues ofA are inside the unit circle, hence, the system is
result of applying sine wave CPU workload with 40% am- stable [11].

plitude while the I/O workload was fixed at 120%. While In terms of system order, note that we model the RT-
CPU workload changes between 80% and 120%, I/O work-EDBS as a first-order system; the current outputs are de-
load stays at around 110% without a significant deviation.termined by their inputs and outputs of the last sample. The
This result shows that 1/0 workload is not affected by CPU accuracy of the model is satisfactory and, hence, the chosen
workload change. On the contrary, an 1/0 workload changemodel order is sufficient for our purposes.

has high impact on CPU workload as shown in Figure 3(b). The model can be validated by comparing the experi-
In Figure 3(b), a discrete sine wave input was applied to I/Omental result to what the model predicts. Figure 4 plots
while the CPU workload was fixed at 130%. Even thoughthe experimental response of the RTEDBS and the pre-
we fixed the CPU workload, it was affected by changes todiction of the model. We can see that the model gives

The first step in the design of a feedback control loop is the
modeling of the controlled system [11]; the RTEBDS in our
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Figure 3: SISO inputs to RTEDBS.
highly accurate prediction. The accuracy metri¢ = @=diag(0.1, 0.1, 0.001, 0.001) to weight the control errors

1- “"iex'Jf”“zg;"‘Jae'n‘ﬁL“rftalE,r;lﬂ'g)ted valuigy 0.93 and 0.78 for more heavily than the integrated control errors. For more

I/O and CPU dead line miss ratio respectively. Usually, details on LQR technique, readers are referred to [11].

R? > 0.8 is considered acceptable [11]. ConsideriRg Finally, in terms of sampling interval, we sample every
and multi-step validation in Figure 4, the suggested first-10 seconds. In RTEDBSs, the buffer management affects
order linear model can be considered acceptable. the choice of sampling interval in particular because the
buffer hit ratio changes slowly after adjusting the bufiees
35.2 Controller Design If the sampling interval is too short, controlling buffezsi

. . t make effect until th t li iod, thus,
For RTEDBS, we choose to use a proportional integral (PI)may not make etiect Until the next sampring perio us

control function given by, wasting the control effort.
- " 1/0 workload —s—
. 200 CPU workload ----- |
U0 = J B + K- D, EG) ® i
1/O miss predicted ——--
j=1 150 |- CPU miss predicted ]
PP ]

100 %M%

At each sampling instaiit, the controller computes the con-

trol input U(k) = [Wio(k) Wepu(k)]T by monitoring the

control error E(k) = [mref,10(k) —mio(k) mpes,cru(k) —

meru(k)]”. K, andk; are controller gains. B R e
One important design consideration in computing sys- A

tems such as RTEDBSs which have a stochastic nature is to

control the trade-off between short settling times and -over

reacting to random fluctuations. If a controller is too ag-

gressive, then the controller over-reacts to this randoca flu 4 Experiment

tuation. To this end, we choose to use the linear quadratic

regulator (LQR) technique to find control gains, which is

accepted as a general technique for MIMO systems [11]. In  The main objective of the experiment is to test the ef-

LQR, control gains are set to minimize the quadratic costfectiveness of controlling I/O and CPU workloads together
function, instead of considering only one in the presence of unpre-
dictable workloads. A scheme which is not I/O-aware is
- compared to our scheme. For experiments, we developed
J= Z[E(k) V)] -Q- ( 522; ) +UmT-R-UK). @  a simulator that models the proposed RTEDBS. Various
o—o0 workloads were applied to the simulator to test its perfor-
mance.

workload & miss ratio (%)

Figure 4: Model validation.

The cost function includes the control erré#&k), accumu-
lated errorsV (k), and weighting matrice§ andR. LQR
allows us to better negotiate the trade-offs between spee
of response and over-reaction to random fluctuation by se-

lecting appropriaté) and R matrices.) quantifies the cost The simulated workload consists of sensor data update
of control errors and? quantifies the cost of control effort. transactions and user transactions. User transaction-work
Since controlling 1/0 workload by changing the buffer size loads are synthesized to test a wide range of workloads and
incurs higher cost than controlling CPU workload by chang- patterns. Update transaction workloads follow similar set
ing update interval, we impose higher weight on I/O. We tings as in [14]. 1/O components including NAND flash
chooseR=diag(1/3, 1/8) where 1/3 is the cost of I/O con- memory are modeled to follow the performance character-
trol and 1/8 is the cost of CPU control. Then, we chooseistics typically found in commercial products [2].

4-1 Simulation Settings



Parameter 1l Value | anced settings wWhoS8U M, follows Normal (100, 20),
# of temporal data objects 3000

Update interval F,) Uniform(100ims.505e7) and CPU intensive settings whereU M., is given by
EET; _ Uniform(2ms, 4ms) Normal(50,10). The execution of user transactions con-
Aclual exec.ime N‘”’m“l(ffﬁj VEET:) sists of an 1/0 phase and a computing phase. The ex-
# data object accesslupdalg T pected execution timeHECT;) of the computation phase
Bpgiz l‘fg%fgd Z 5100"//0 is given by theUn: form(3ms, 5ms). The actual execu-
P : . : tion time follows Normal EECT;,/EECT;). The ex-
Table 2: Update transaction settings. pected execution time of the /O phasBKIT;) is given
[Parameter I Valie | by the multiplication ofNU M, and the read access time
# of non-temporal data objecty 3000 to flash memory per page. The actual execution time of
EECT; Uniform(3ms, 5ms) the I/O phase is determined by the number of data objects
Aot o e e L e L e found in the buffer. The deadline of a user transaction is
Relative deadline (EECT; + EEIT;) x slack factor (EECT; + EEIT;) x slack factor. The slack factor is uni-
]S\;é;f;;aC‘or(llo I Unij. 0(;7(”1;50 13%)) formly distributed ranging from 5 to 10. In I/O intensive
Adata ) . . .
NUMda:a(baIanced) Normal(100, 20) settings, user transactions result in more 1/0 workload tha
NUMaaqra(CPU intensive) Normal(50, 10) CPU workload; when 100 user transactions arrive per sec-

ond in addition to default update transactions, about 55%

Table 3: User transaction settings. and 30% additional I/O and CPU loads are incurred respec-

[ Parameter I Value | tively. In CPU intensive settings, 18% 1/O load and 30%
\'fve?‘d access time / page SOus CPU load are incurred. In balanced settings, 35% /O load
rite access time 300us A X K
Erase time NIA and 30% CPU load are incurred. In experiments, the arrival
Page size 512 bytes rates are adjusted to increase or decrease 1/0O and CPU load.
Bank interleaving N/A
Flash memory max. bandwidth 16MB/sec
BUS bandwidth 00
Buffer size 30 - 3000 data objectg
Buffer replacement algorithm LRU 4.1.3 Flash Memory and Buffer
Table 4: Flash memory and buffer settings. When a transaction accesses data objects, the buffer pool in
the main memory is first searched, and if not found, the data
4.1.1 Dataand Update Transactions objects in the persistent storage are brought to the buffer i

main memory.Least Recently Used (LRWyffer replace-
3,000 temporal data objects and another 3,000 non-temporghent scheme is used for buffer management. The maximum
data objects reside in the database. Among them, the updatgze of buffer pool is set to hold 3000 data objects (1/2 of to-
stream updates only temporal data. The update pepiod, ta| data objects). The buffer pool is shared between the guar
follows a uniform distributionUni form(100ms,50sec).  anteed service and the best-effort service. The ratio débuf
The expected execution tim¢’T)) of an update trans- ool sizes between two services is adjusted dynamically. A
action is uniformly distributed in the range (3ms, 6ms). NAND flash memory is assumed for persistent data storage.
The aCtUal exeCUtiOI’l t|me iS giVen by nOI‘mal diStribution Read Operations occurs in the unit Of a page. The Size Of a
Normal(EET;, v EET;). The relative deadline of an up- page is set to 512 bytes. Read time per page is set;ts.30
date is set t® x p;. An update transaction incurs I/O op- \write time is set to 300s and write is done by a translation
erations if its target data object is not found in the buffer. layer [12] without block-erase. Therefore, erase time is no
However, 1/0 deadlines for update transactions are not seggnsidered on writing. We assume the size of flash memory
because update transactions are not I/O-intensive. The dgg big enough and garbage collection occurs infrequently
fault Settings ShOWﬂ in Ta.ble 2 generate about 50% CPL{?] The ﬂash memory iS assumed to have On'y one bank
load and less than 1% I/O load when the buffer can holdang read/write requests are serialized to the bank. Because
50% of total temporal data objects. we assume no interleaving between banks, the maximum
bandwidth of the flash memory accesses is determined only
by the access latencies. The obtained maximum bandwidth
is about 16MB/sec. The bandwidth of the interconnection
A user transaction accesses both temporal and non-temporalus between the main memory and the flash memory is as-
data and updates only non-temporal data. The arrival rate ofumed to be much greater than the flash memory bandwidth,
user transactions to the database follows the Poissoiidistrthus avoiding interferences from other bus operations; thi
bution. In terms of the number of data accesses per transa@ssumption is reasonable when we consider the two most
tion (NU Mya1a), three settings are tested; I/O intensive set- common bus technologies, USB [1] and PCI [19], that have
tings whereNU M 4+, iS given by Normal(150, 30), bal- 40 MB/sec and 133.3 MB/sec maximum bandwidth respec-

4.1.2 User Transaction



tively. CPUintensive: NUMg,1, follows  Normal(50,10).
Each user transaction incurs about 1.5 times more

4.2 Baseline CPU load than 1/O load. In this setting, the CPU
workload varies from 50% to 190%. The I/O workload

To our best knowledge, the issues of simultaneous con-  Varies accordingly.
trol of 1/O and CPU workloads for deadline miss ratio man-
agement have hardly been studied in real-time database
Therefore, we compare our scherii-CPU) with the fol-
lowing baseline scheme which was introduced in [14].

é/O intensive: NU M 444, follows Normal(150, 30). Each
" user transaction incurs about 100% more /O load than
CPU load. In this setting, the I/O workload varies from
50% to 190%. The CPU workload varies accordingly.

CPU-ONLY: This scheme is not I/O-aware; the I/O dead- _ _ .
line is not set for transactions, and /0 and CPU Note that theworkload in the three settings indicates the

@mount of workload applied to the simulated RTEDBS

when all transactions are admitted and no workload control
CPU workload is adjusted by changing update rates'S applied. Furthermore,_ because the measured_I/O work-
of temporal data and applying admission control: load changes.wnh. the size of buffer space gnd its SL_lbse—
/0 workload is not dynamically controlled. This q_uent buffer hit ratio, th_e same set of transactl_ons carrincu
scheme is originally designed for main-memory real- d|ﬁergnt 1/0 workloads in d|ffe_rnet RTEDB settlngs._ln our
time database that has no or negligible 1/0 workload. XPeriments, sets of transactions are prepared to irfur
For comparison to our approach, the RTEDBS Wasworkloa_d in a RTEDBS setting, whose bqffer size is 1900
modeled by first-order SISO model; The CPU work- data object§. The same sets of transactions are applied to
load is the control input and the deadline miss ratio is €2ch experiment to generat workload. The actual mea-
the system output. A P controller is used. Sl_Jred Worklo_ad in each gxperlment may be d|ﬁeren_t dueto

different settings, e.g, different buffer sizes, and appy
4.3 Results admission control and controllers
The result is shown in Figure 5-7. The results show that

Each simulation is run at least 5 times and their averagebOth VO-CPU and CPU-ONLY effectively achieve the de-

: . . sired miss ratio, that is 3%, in all three different worklead
is taken. 90% confidence intervals are drawn for each dat : .
) ) ; , : . owever, throughputs of two schemes to achieve the desired
point. For deadline miss ratios, confidence intervals ate no__. . N
‘miss ratio are quite different. In all three workloads, 1/0-
shown because they are no more than 0.5%. For experi:

ments, the reference miss ratio is set to 3%. Two metricscpU shows much higher throughputs. For instance, when

are used to compare our approach to the baseline; averaqleQO% /O workload (or CPU workload in CPU-intensive)
’ H - H 04 - 0, i
miss ratio and throughput. The average miss ratio tellsif th S applied, 1/0-CPU achieves 17%-28% higher throughput

: . . : g than CPU-ONLY. The throughput gap between I/O-CPU
miss ratio requirement is satisfied, and the throughpu tell . .
. o . . . and CPU-ONLY increases as the workload increases. 1/O-
if underutilization is occurred to achieve the miss ratio re

quirement. The throughput is defined as the percentage o(ijU shows especially better throughput than CPU-ONLY

k . ) when the workload is 1/O intensive as in Figure 7. This is
timely transactions over total number of submitted transac )
tions because I/O-CPU can effectively use more buffer space as

shown in Figure 7-(b). For CPU-ONLY, the buffer size is

fixed at 1000 data objects. As the I/O workload increases,
431 Experiment 1: Varying L oads it incurs more buffer cache misses. For I/0-CPU, the 1/O
workload is effectively reduced by utilizing unused buffer

deadlines are not distinguished. When deadline mis
ratio deviates from the desired miss ratio, only the

Computational systems usually shows different behavior fo X X )
different workloads, especially when overloaded. In this e SPace of best-effort service class, thus, increasing bhife
periment, workloads are varied by applying increasing num-"atio:

ber of user transactions. Overload can result from eiti@r |/ __INterestingly enough, 1/0-CPU consumes less buffer than
or CPU, or both. We apply three different set of workloads CPU-ONLY both in balanced workload and CPU-intensive

by applying three different set of user transactions. workload even.tho_ugh it achieves higher throgghput than
CPU-ONLY as in Figure 5 and 6. For instance, in Figure 6,

Balanced I/0O and CPU: NU M., the number of ac- 1/0-CPU achieves 20% more throughput when 190% CPU

cesses data per transaction, follaWsrmal (100, 20). workload is applied even though it consumes almost zero
The user transactions incurs almost same amount obuffers. At first, this seems counter-intuitive because pro

I/0 and CPU workload. In this setting, the I/O work- viding more buffer cache should reduce /O load, thus re-

load varies from 50% to 190% by applying more user ducing deadline misses due to I/0O overload. This result can
transactions. The CPU workload varies accordingly. be attributed to the close interaction between I/O workload
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and CPU workload. When I/O is not the bottleneck causingthree access patterns are not significantly different; @0-1
transaction deadline misses, having larger buffer cache do achieves no more than 5% higher throughput than 50-50.
not improve the overall miss ratio. In fact, a larger buffer However, the buffer size to achieve the same performance
cache can deteriorate the overall miss ratio. As shown inwith different access patterns are quite different as shown
Figure 3-(b), /O workload does not only control the I/O in Figure 8-(b). As the degree of data contention increases,
miss ratio but it also controls CPU miss ratio; increasing the smaller size of buffer is enough to achieve the same de-
I/O workload decreases CPU workload by aborting trans-gree of miss ratio and throughput. This suggests that miss
actions, and in contrary, decreasing 1/0O workload increase ratio management should have flexible buffer management
CPU workload, thus incurring more CPU deadline missesscheme to dynamically adjust to different data access pat-
if CPU is already overloaded. In I/O-CPU, the transactionsterns. Our results demonstrate that the proposed miss ratio
which are less likely to meet the deadline are selectivelymanagement scheme is robust enough to cope with different
aborted by having small buffer cache. In other words, whendata access patterns.
CPU is overloaded while I/O is not, CPU workload can be
effectively controlled by adjusting buffer cache size. Fur
thermore, /O workload control via buffer cache adjustment
is fine-grained, thus it prevents overshooting. In contrast Average performance is not enough to show the perfor-
CPU-ONLY achieves desired miss ratio only through ad- mance of dynamic systems like RTEDBSs. Transient per-
mission control when adjusting update intervals of tembora formance including settling times and overshoots should be
data is not available. With admission control, the amountsmall enough to satisfy the requirements of applications.
of workload adjustment is coarse-grained. Therefore,-over Figure 9 shows the result when the workload surges sud-
shoot and subsequent underutilization can happen. Agtuall denly as a step function. Originally the system is set to have
CPU-ONLY suffers from underutilization in Figure 5-(a); 30% I/O and 70% CPU loads. At 200 seconds, user transac-
The miss ratio is far lower than the desired value. tions surge to increase the 1/0 workload by 190% as a step
These results demonstrate that controlling 1/0 workloadfunction. CPU load increases accordingly.
via buffer management not only fosters effective use of We can see that the CPU workload increases instantly
buffer cache resource but also enables fine-grained CPWo 330% after I/O workload is reduced by the controller at
workload control. Overall, our approach guarantees the de230 seconds. This is because reducing I/O workload by in-
sired QoS with much higher throughput; this implies re- creasing the buffer cache size allows more transactions to b
sources are more effectively used in our approach. issued for the CPU phase without being aborted at the I/O
phase, thus, causing a sudden increase in the CPU work-
load. The miss ratio settles down within 70 seconds. 70
432 Experiment 2: Varying Data Access Patterns seconds settling time may not be satisfactory for some real-

I time systems whose workloads are highly bursty. However,
/O workload is highly aﬁgcted by data access patterns. Byit satis>1iies the requirements of wide rgngye of rgal—time ap-
default, we assumed a uniform access pattern. However, thSSIications
data access patterns can be different from a uniform access '
pattern. Moreover, the data access patterns can change at = ‘ ‘ ‘ IS o
run-time. Therefore, the deadline miss ratio management 200 “ CP deadine s ratlo 5. ]
scheme should be robust enough to cope with different data
access patterns. In this section, the effect of data caotent
is tested using — y access scheme as described in [14]. In
thex — y access scheme?% of data accesses are directed
to y% of the data in the database. For instance, with 90-10
access pattern, 90% of data accesses are directed to 10% of
data in the database, thus, incurring data contention on 10% ° e ” -
of entire data. 50-50 access pattern is essentially equal to  Figure 9: Sudden surge of I/0 and CPU workload.
uniform access pattern.

We test the robustness of our approach by applying three

differentz —y access patterns: 90-10, 70-30, and 50-50 date>  Related Work
access patterns. Because of space limitation, we only show
the result when balanced I/O and CPU workload is applied In the past two decades, the research in RTDBS has re-
in Figure 8. As shown in Figure 8-(a), our deadline miss ceived lots of attention [18][13]. Most of them assume
ratio scheme achieves the desired miss ratio in all three dif main memory databases [4] due the inherent unpredictabil-
ferent access patterns. Furthermore, the throughput of théy of disk I/O. However, several I/O-aware approaches have

4.3.3 Experiment 3: Transient Performance
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dictable performance. . {4] Ig.gAdelberg. STRIP: A Soft Real-Time Main Memory
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