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Abstract

Real-time and embedded applications normally have
constraimts both with respect o timeliness and freshress of
daata they wxe. Al the same time it iy importamt that the re-
sources are wiilized ax efficient as possible, ep., for CPU
resources wanecessary calculations showld be lowered as
mich ay poxsible. Thix iv exspecially trae for vehicle contml
syxtems, which are our largeting application area. The con-
fribution of this paper ix a mew alporithm (OIXTR) for up-
dating dala ifems that can skip annecessary updales allow-
ing for belfer wilization of the CPLUL Performance evalua-
fions on an eagine electromic coninel il for aptomob iles
show that a dalabaye system using the new updating alpo-
rithm reduces the rumber of recalculations io zer in steady
staites. We alvo evaluate the algorithm wsing a simulator and
show that the QDTE performs better than well-established
updaling alporithms (ap fo 50% more committed Transac-
finz).

1. Introduction

In & wehicle (in this parlicular case a car), compuling
units are wsed W control several (unclional parts of the
car. Every such onil is denoled an clectronic conbrol anil
(ECU). The sollware in the unils is becoming more com-
plex doe o increasing functionality that is possible becaose
of additional available resources such as memory and com-
puting power. This funclionalily is also needed becanse of
stricter law regulations thal are pul on the car imdustry. Ex-
amples are lower pollution, delection of cvaporalion of gas
through a hole in the gas hose, and deleclion of mallunc-
lioning componenls within a limited time. Since such fumc-
tionalily requircs additional data, the amounl of dats han-
dled by the BCUs is conslanily increasing. Morcover, the
dats has o be fresh when wsed 1o make correct calcula-
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Lions of control variables and accurale diagnosis of e sys-
Lem. Data (reshness in an BCLU s puarantecd by updating
dala ilems with lixed freguencics. Previows work |12, 16.9]
proposcs ways of delenmining lined wpdaling (equencics
on data ilems W fulfill freshness requirements. This means
Lhal a dala ilem is recalculaled when il is aboul Lo be siale,
cven though the new valoe of the dala item is exactly the
samc a5 helore. Henee, the recalculation is unnecessary. We
collected statistical data rom an engine BCU (HECLU) that
shows most of such penodic recakculations are unneces-
sury al stcady stales, e, when secnsor values are nol chang-
ing. To avodd doing unnecessary updales anodher updaling
micchanism than periodic updates is noedod. Adclberg ol al.
[2] found that on-demand installation of opdates of data
ilems gives the best performance with respect 10 meeling
deadlines and usape of fresh data. Data Mreshness is defined
im the Lime domain by sclling a maximum allowed ase be-
fore which the data item is considered W be fresh | 14).

On-demand updating algorithms — On-Demand Deplh-
Firsl Travemsal (ODIXT) [7], On-IDemand Oplimisiic op-
Lion (O] |4]. and On-Demand Knowledze-Based oplion
(ODER) |4] — decide on nocessary updates based on the
order dala ilems are read, e, bollom-up in a precedence
graph of relationships of dala ilems. Furthcrmore, the op-
dating algorithms also assumc thal a recalculation of a data
ilem always gives a new resull However, il calculalions are
delerminislic, i.c., given the same inpuls the same oulpul is
glways produced, a more intelligent decision can be made
of which updales are necded. Based on this we proposc a
new alzorithm On-Demand Top-Botlom traversal with rele-
vance chock (ONYTH) thal is hased on the on-demand strat-
cey and is able o skip unnecessary calculations and, thas,
ulilize the CI*U bettcr. A freshacss check thal chocks il an
update is necded is added w ODDFT and ODKE resulling
in the algorithms ODIDFT_C and ODKBR_C, where _C die-
notes Lhal the [reshness check is donc in the valoe domain
of data ilems.

In this pager, a descriplion of a dalabase syslem im-
plementation in an EECL soltware is preseated. Perfor-
mance cvaluations of (MYTE, using Lhe dalabase sysiem on
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Figura 1. The software in the EECL.

an EHECU show that OITE redwces the number of Limes pe-
riesdic calculations necd o be exccuted W rero when the sys-
lem enlbers a sleady stale. Pedormance cvalualions on & sim-
ulalor show that ODTRH, OINWT_C, and ODEKR_C give im-
proved performance (up o 3409% more commilted ransse-
tGons) than ODIDFT and ODKBY (W is dala [reshness in
valwe domain wilhaoul [reshness check).

The outline of the paper is as follows. An EECU sofi-
ware descriplion, the dala and transaction model, and &
database implemenlalion are 2iven in seclion 2. Section 3
cowers ODDFT and algonithms from |4]. The new algonthm
OIYTH and cxlenssons o ODDET are described in seclion
4. Performance evaluations, related work, and fnally con-
clusions are given in seclions 3, 6, and 7, respectively.

2. A Real-Time Embedded System

This section describes an EECU and the reguircmients of
the sollware on Uhe data and transaction madel of te EECLL
Here we also discuss the implementation of a database sys-
tem in the EECLL.

2.1. Electronic Engine Control Unat (EECL )

An EECL is used in vehicles o conlbrol the engine such
thal the airffuel mixiure s oplimal [or the calalyst the en-
gine is nol knocking, and the Mol consumplion is as low
as possible. To achicve these poals the EECU consists of
sofflware thal monilors the engine environmend by reading
SCMSOMS, ¢.8-, air pressure sensor, lambda sensor in the cal-
alysl, and engine lemperalure sensor. Conlrol koops in the
FEECU soflware derive valwes thal ane senl 0 aclualors,
which arc the means o controd the engine. Examples of ac-
lwators are fucl inpection Umes thal delermine the amounl
af Moel injected into a cylinder and ignilion lime thal deler-
mincs when the aicTucl mixture should be ignited. More-
over, the caloulations have o be linished within & given
tme, i, they have deadlines.

The ERCU sofiware is layered, which is depicted in hg-
ure 1. Black boxes represenl Lasks, labeled boxes represent
data ilcms, and arrows indicate inter-lask communicalion.
The botlom layer consists of IO funclions such as reading

raw scnsor valees and ransforming mw sensor values o cn-
ginecring Quantitics, and wriling actustor values. On wop of
the I layer is 8 scheduler thatl schedules wasks bath peri-
odically and sporadically based on crank angles. The lasks
gre organized into applications thal constitule the wop layer.
Hach application is responsible for mainlaining one particu-
lar parl of the engine. Hxamples of applications ane air, fwel,
ignilion and diagnosis of the system, e.g., check il sensors
gre working. Tasks communicate results by storing them ¢i-
ther in an application-wide dala arca (ad, applicalion dala
im figure 1) o in a glohal data arca (gd in hgure 1), The wo-
Lal number of data items in the EECU soflware is in the or-
der of thousands.

Ihala ilems have freshness requirements and these are
ouaraniced by invoking Lhe sk thal derives the dals ilem
ofien enoupgh. This way of maintaining dala resulls in un-
nocessary updates of dala ems, thos keading 10 worse poer-
formance [or the overall system.

Rascd on the description of the HECU soflware above,
gnd the cxpenences of our indestnal parincrs (Mecel AB
and SAAER Fial-GM Powerlrain), the lollowing reguine-
micnts on the soltware have been identified.

Rl A way o mainlain and orpanise dala is necded becanse
Lhe storing of data wsing global and application-wide
dala arcas makes il complex and cxpensive o main-
Ladn the software. Due Lo the vast amounl of data ilems
storcd in differenl places, it is casy W introduce the
samc dala ilem apain, doplicating memaory and CIPLU
consumplion_

R2 Unilize available CPU resources eflicicntly in order o
b able W choose as cheap as possible CPU and also
exlend the lifetime of the CLUL

R3 Calculations have to be [inished befone a deadline and
dala ilcms have [reshness reguincments.

A real-time dalabase system divided inlo a central storage of
dala with mela-informalion and a dals managemenl sysbem,
miaking dala ilems up-lo-dale when they are used, solves ne-
quircments R 1-R3.

2.2. Data and Transaction Model

Figure | shows thal a calculalion in a task wses onc or
scveral dala ilems o derive a2 new valoc of a dala ilem.
Hence, every dale item is associaled with a calcalation that
prosduces the value of the data item. The calculation is de-
noted a ransaction, 7. Hence, a dala ilem is associaled wilh
one value, the most recently stored, and a lransaction that
produces & value of the data item. The sel of all data itecms
im the EECL) sofiware can be classilied as base ilcms (5)
gnd derived items (7). The base ilems are sensor valwes,
c.g., engine lemperalure, and the derved dala ilems ane ac-
lualor values or inlcrmediale values used by several calcula-
Lions, .2, & [uel compensation [aelor based on lemperatune.
The relationship belween dala ilems can be described ina
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Figure 2. Data dependency graph.

dirccted acyclic graph & = (V, E). where nodes (V) are
the data ilems, and an cdge from node 7 Loy shows thal T is
uscid by the transaction that derives values of data ilem 3. In
this paper we reler o (7 as the data dependency araph. Fig-
ure 2 shows the dala dependency graph on a subsel of dala
items in the EECU software. This graph is used through-
ol the paper. All data ilems read by a transaction o derive
a data item d are depobed the read sel Rid) of 4. The valoe
of a data ilem > stored in Uhe database al lime £ is given by
ot

There are three ypes of Uransaciions: (i) SCnsor Lrinssd-
tons (ST) thal only wrile monilored scnsor valoes, (i) wser
transaclions (LIT) thal are requests of calculations [rom the
system, and (iii)y riggered updates (TUY that are gencrated
by the dalabase syslem o make dala ilcms op-lo-date. A
user ransaclion derives dala ilem iy, 8 sensor Lransaction
derives ey, and a trigscred update derives dyy.

2.3, Implementation of Database System

This section conlains a descriplion of our implementa-
tion of a dalshase syslem in the ERECU soflware. In the im-
plementation of the database system, & real-lime operaling
sysiem, Robus, is usod as means [or scheduling and com-
municalion helwoen lasks. The dalshase sysicm including
a concurrency conbrol (COC) algorithm and the carlicst dead-
line: firsl { EDF) scheduling algorithm is implemented on Lop
ol Rubas. The concurrency control aloonithm is (plimistic
Concurrency Control Broadcast Commit (OCC-BC) [1].
The implementations of CC-BC and EDF in the EECU
soflware are prescoled in 6], ' We are wsing the periodic
Lasks of the EECL software.

All the funclionality of the original EECU soltware is
kepl. The database system is added o the EECU soflware
and il runs in parallel to the asks of the erginal EECL sofl-

void TolalMulFac{sf mode) {
sf transMr = TRANSACTION _START;
while( BeginTransaction] & LransMr,
10000, 10, HIGH PREORITY QUEUE,
maxde, TOTAIMULFAC)) {
Read YH{ & transNr, FACT2Z S, &lac12 5);
M Do cakculations. */
WritcIV B & transMr, TOTALMULEFAC,
local fac, &Totalbullac);
Commil Transaction{ &transMr);
H

Figure 3. Example of a transaction.

ware. Hence, il is possible o compan: the number of necded
updates of data items between the existing EFHCL soltware
and the sdded database system. All data items ane stored
in one dala arca and access o the dala ilems is possible
through a well-defined interface.

An cxample of a transaction in this sysbem is given in lig-
ure 3. BeginTransaclion slarls a transaction with a relative
deadlime of 1ODD0 pes that derives data item TOTALMUL-
FAC, do in lizure 2. Read and write operations are handled
by Readl B and Write]DB, and CommilTransaclion nolilics
Lthe database system Lthal the ransaction commits. The next
imvocation of BeginTranssction cither breaks the loop duc 1o
g successiul commil or a deadline miss, or reslarns Lhe rans-
gclion doe o a lock-conficl. Detailed elaboration of the in-
lerfaoe is preseated in [6).

3. Existing On-Demand Updating Algorithms

This scclion describes cxisling on-demand algorithms.
Soction 3.1 covers previous work on on-demand algorithms
using Lime domain for data Mmeshness. Seclion 3.2 inlroedeces
dala freshness in the value domain and seclion 3.3 gives a
discussion of sialencss of dala ilems. Section 3.4 describes
CHMOET, and how on-demand algorithms using (ime domain
for dala Mmeshness can use value domain for data freshness.

3.1. Updating Algoriithms and Data Freshness in
Time Domain

An on-demand updating algorithm checks a Lrigpering
crilcrion cvery Ume a resource is reguested (eg., a dala
item). Il the niggering crilcnion cvaluales o roe, a corain
gclion is wken. When a read operation acocsses a siale dala
item, an update updating the data ilem is rigpered. Stale-
niss can be decided in the time domain by using a max-
imum allowed age oiven by he absolule validily inlerval
(aei) [14], ie.,

currend_time — imestamp ) < ari{z], (1)

where r is a dala ilem, and timestamp( x) is the time when
T was lasl wrillen o Lhe dalabase.
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