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Abstract. In this paper, we proposea timing analysis approach for preemp-
tive multi-tasking real-time systemswith caches. The approach focuseson the
cache reload overhead causedby preemptions. The Worst CaseResponse Time
(WCRT) of each task is estimated by incorporating cache reload overhead. Af-
ter acquiring the WCRT of ead task, we can further analyze the schedulabilit y
of the system. Four sets of applications are usedto exhibit the performance of
our approach. The experimental results show that our approach can reduce the
estimate of WCRT up to 44% over prior state-of-the-art.

1 Intro duction

When designing a real-time system, it is of great importance that the timing of the
system be predictable. While underestimating the execution time of tasks in a real-
time system may cause catastrophic disasters, especially in hard real-time systems,
overestimating the execution time can also lower the utilization of resourcessud as
processorsHowever, processorswith advancedfeaturessuc as cading and pipelining
are widely usedin real-time systemsnowadays. Using processorswith these compli-
cated architectures in real-time systemsmakestiming analysis more di cult.

In this paper, we proposea timing analysis approac for preemptive multi-tasking
real-time systems.The approad focuseson the cache reload overheadcausedby pre-
emptions. The Worst Case Response Time (WCRT) of ead task is estimated by
incorporating cache reload overhead. After acquiring the WCRT of ead task, we can
further analyze the schedulability of the system. Four sets of applications are used
to exhibit the performance of our approach. The experimental results shov that our
approacd can reducethe estimate of WCRT up to 44% over prior state-of-the-art.

The rest of this paper is organized as follows. Section 2 investigatesthe previous
work in this eld. Section 3 states the problem and de nes someterminology usedin
the paper. Then, an overview of our approac is given. Sections4, 5 and 6 elaborate
the details of our approach. Experimertal results are preserted in Section 7. The last
section concludesthe paper.

2 Previous Work

Lots of work hasbeendoneto predict the timing properties of real-time systemswith
caches.In general,this work canbe divided into two categories.First, various methods
are proposedto achieve predictable systembehavior by changing somefeaturessud as
cadhe managemen policies and memory mapping patterns of systems.For example,
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two di erent cache partitioning schemesare presened in [3,4]. Each task can only
usea limited portion of the cadhein thesetwo approadces.Compiler optimization and
memory remapping techniquesare alsousedto achieve predictable cache behavior [5,6].
These approades require either customized hardware support such as a specialized
cache cortroller and TLB or modi cations to the compilers and OS. Furthermore,
utilization of resourcessuch as cache and memory are compromised.

Static analysisis a secondcategory of methods to predict timing properties. Suc
methods analyze cadhe behavior and make restrictiv e assumptionsin order to predict
Worst Case Execution Time (WCET) or Worst Case Response Time (WCRT) of
tasks in real-time systems. Static analysis methods do not require any changesto
the systemunder consideration. Li and Malik proposea WCET analysis approacd by
using an implicit path enumeration method [7]. Their approach requires path analysis
at the granularity of basicblocks. Wolf and Ernst extend the conceptof basicblocks to
program segmers and develop another framework for timing analysis,SYMTA [8]. The
precisionof time estimation is improvedin SYMTA sincethe overestimate of execution
time is reduced.Wilhelm et al. [11,12] proposean abstract interpretation methodology
to predict cache behavior. Stenstrom et al. [13] give another static analysis approach
basedon symbolic executiontechniques.In both Wilhelm's and Stenstrom'sapproac,
WCET of programs can be analyzedwithout knowing the exactinput data. However,
both of the aforemertioned approachesonly considera systemwith a singletask. They
cannot handle multi-tasking systemswith preemptions, in which the timing analysis
becomeseven more complicated.

The behavior of a multi-tasking systemis a ected greatly by the scheduling algo-
rithm usedin the system. In this paper, we assumethat a xed priority scheduling
algorithm sud as Rate Monotonic Scheduling (RMS) [14,15] is used. We further as-
sumea single processorwith a uni ed (instruction plus data) setassaiative L1 cache
and secondarymemory (the secondarymemory can be either on- or o -c hip). However,
the samemethod in our approach can be usedto analyzetiming propertiesin systems
with more than two levels of memory hierarchy. Multiple processorsystemsmay in-
volve cache coherenceproblems which are beyond the scope of this paper. In order to
analyzethe schedulability of a system, we estimate the WCRT [16] of eadh task in the
system.In preemptive multi-tasking systems,cade eviction amongtasks may extend
the responsetimes of tasks. Busquests-Mataix et al. proposean approad to analyze
cache-related WCRT in a multi-tasking system[17]. They consenatively assumethat
all cadhe lines used by the preempting task needto be reloaded by the preempted
task when the preempted task is resumed. Tomiyama et al. give an approach to cal-
culate Cache Related Preemption Delay (CRPD) by using ILP [10]. However, they
only consider direct mapped instruction cacde. Lee et al. propose another approac
for cache analysis when preemptions occur [18,19]. This approac courts the number
of \useful" memory blocks by performing path analysison the preempted task. They
do not take the program structure of the preempting task into consideration. Also, the
number of preemption scenariosusedin their approac is exponertial with the num-
ber of tasks. Negi et al. [9] re ne the approac of Lee et al. in [18] by applying path
analysis. However, inter-task cacde eviction is not considered.Also, WCRT analysisis
not mertioned in [9].

We propose an approad for inter-task cade eviction analysisin [1,2]. This ap-
proach assumesthat all cade lines used by the preempted task and evicted by the
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preempting task will be reloadedafter the preemption. But, aspreserted in [18], only
those cade lines used by \useful" memory blocks of the preempted task needto be
reloaded.

Both the approach we presen in [1,2] and the approac of Lee et al. in [18] have
their pros and cons. Howewer, these two methods are complemenary. In this paper,
we focus on enhancingour approacd in [1,2] by incorporating \useful" memory block
analysisin the work of Lee et al. The new approach givesthe most accurate WCRT
method known to date for a multi-tasking single-processorsystemusing set-assa@iative
or direct mapped uni ed cades.In Section7 we will showv exampleswhere we achieve
results up to 44% better than the approach of Lee et al.

3 Overview

In this section, we rst state the problem formally. Someterminology is de ned for
clarity. Then, we give an overview of the approach proposedin this paper.

3.1 Problem Statemen t

In this paper, we target uniprocessomulti-tasking preemptive real-time systemswith
caches. A Fixed Priority Scheduling (FPS) algorithm sudc as the Rate Monotonic
Algorithm (RMA) is usedin the system. Supposethat the system contains n tasks
represerted with To;T1;:::; Ty 1. Each task T; has a xed priority p;. We assume
that the tasks are sorted in the descendingorder of their priorities sothat we have
Po < p1 < < pn 1 If pa< pp Ta hasa higher priority than T,. Tasksare executed
periodically. Each task T; has a xed period P;. T; arrivesat the beginning of its
period and must be completed by the end of its period. The Worst Case Execution
Time (WCET) of task T; is denotedwith C;. C; canbe estimated with existing analysis
tools sudh as Cinderella [7] and SYMTA [8]. We useSYMTA to derive C;. We useT;;
to represent the j™ run of Task T;. The WCET of a task is the execution time of
the task in the worst case,assumingthere are no preemptions or interruptions. In
a preemptive multi-tasking system, WCET alone cannot re ect the schedulability of
tasks in the system becauseof the existence of preemptions. Thus, our goal is to
provide an approach to estimate the Worst Case Response Time (WCRT), which is
de ned as below, for every task in the system.

De nition 1. Worst CaseResmpnseTime (WCRT): WCRT is the time taken by a task
from its arrival to its completion of computations in the worst case.The WCRT of
task T; is denoted by R;.

In a multi-tasking preemptive system,a task with a low priorit y may be preempted
by a task with a higher priorit y. During a preemption, the preempting task may evict
somecade lines usedby the preempted task. When the preempted task resumesand
accessesn evicted cade line, the preempted task has to reload the cade line from
memory. This cade reload overheadcausedby inter-task cade evictions increaseshe
responsetime of the preempted task.

Example 1. We havethreetasksTy, T1 andT». T isanInverseDiscreteCosineTransfam
(IDCT) extractedfrom an MPEG2 decdler. Ty is invoked every4.5ms. Ty is an Adap-
tive Di erential Pulse Code Modulation Decader (ADPCMD). T, is an ADPCM Coder
(ADPCMC). ADPCMC and ADPCMD are taken from MediaBench[23]. ADPCMC has
a period of 50ms. ADPCMD has a period of 10ms.RMS is usedfor scheduling.To has
the highestpriority and T, hasthe lowest priority. Figure 1 shavs this example.In this
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Fig. 1. Example of WCRT

example three tasksarrive at time instant 0. However, T, is not executeduntil there are
no instancesof Ty or T; readyto run. During the executionof T», it could be preempted
by To or T1, whichis shawvn in Figure 1. The respnsetime of T, is the time from O to
the time when T, is completed.We needto estimatethe respnsetime of sucha task in
the worst case.If we do not considerinter-task cacheevictions,the WCRT of T, is shovn
in Figure 1(A). However, becauseof inter-task cacheevictions, the preemptedtask has
to reloadsomecachelinesafter preemptionwhich imposesan overheadon the WCRT of
the preemptedtask. Figure 1(B) shaws this issue.Obviously due to cacheevictions,the
WCRT of T isincreasedas showvn in Figure 1(B).

Inter-task cadhe eviction(s) causedby preemption(s) a ect the WCRT of a task.
As shown in Example 1, there are two types of preemption, direct preemption and
indirect preemption. For example, T, can be preempted directly by Ty or T; because
T, hasthe lowest priorit y. On the other hand, when T, is preempted by T; and T; is
running, T1 can be preempted further by Ty becauseT; has a lower priorit y than Tj.
Although T is not directly preemptedby To, To may bring a cade reload overheadto
the execution time of Ty, which also extends the responsetime of T,. Thus, we need
to consider both indirect and direct preemptions causedby Ty when estimating the
WCRT of T,. Figure 1 illustrates both direct and indirect preemptions.

This paper aims to incorporate inter-cache eviction cost in WCRT analysis by
combining the approadc of Lee et al. and the approach we preseried in [1].

We perform path analysison the preemptedtask and the preempting task in order
to analyzethe cace accesgattern of the preemptedtask. The path analysisis based
onaControl Flow Graph (CFG). A CFG isrepresertied with agraph G = (V; E), where
V = fvy; v vng is the set of nodesand E = fe;; e;;::; eng is the set of edgesof
the graph G. Each edgee = (vi;V;) represerts the control dependencebetweentwo
nodes, vk and vj. Each node v; in a CFG represerts a Single Feasible Path Program
Segmen (SFP-PrS) [8].

De nition 2. Single FeasiblePath Program Segment (SFP-PrS): SFP-PrSis de ned
as a hierarchical program segmen with exactly one path [8].

3.2 Overall Approac h

Intuitiv ely, we know that the cade lines causing reload overhead after preemptions
needto satisfy two conditions.

Condition 1. These cace lines are used by both the preempted and the preempting
task.

Condition 2. The memory blocks mapped to these cadche lines are accessecby the
preempted task before the preemption and are also required by the preempted task
after the preemption (i.e., when the preempted task is resumed).
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Condition 1 implies that memory blocks accessedy the preempting task con ict
in the cache with memory blocks accessedy the preempted task. Thus, someof the
memory blocks loaded to the cadhe by the preempted task before the preemption are
evicted from the cade by the preempting task during the preemption. This cade evic-
tion involvesmemory accesspatterns of both the preemptedtask and the preempting
task. Thus, we call this type of cache eviction an inter-task cache eviction.

Condition 2 revealsthat memory blocks causing cache reload overhead must have
beenpresert in the cace prior to the preemption. Furthermore, these memory blocks
must be accessedagain by the preempted task after the preemption, thus requiring
reload to the cache. These memory blocks are called \useful memory blocks" in the
work of Lee et al. [18,19]. We can usethe algorithm of Lee et al. in [18]to nd the
maximum set of these useful memory blocks. The maximum set of useful memory
blocks of the preempted task is derived from the program structure and the memory
blocks accessedby the preempted task. In summary, we call this type of analysis
intra-task cache eviction analysis.

Basedon the two facts above, we can give an overview of our approac presened
in this paper. Our approach has four steps.

First, we derive the memory trace of eac task with the simulation method asused
in SYMTA [8]. Here, we assumethat there are no dynamic data allocations in tasks
and addressesof all the data structures are xed (e.g., any use of pointers does not
result in unpredictable memory accesses)Second,we perform intra-task cade access
analysis on the preempted task to nd the maximum set of useful memory blocks
accessedby the preempted task. Only the memory blocks in this set can possibly
causecade reload delay. Third, we usethe maximum set of useful memory blocks of
the preemptedtask to perform inter-task cache eviction analysiswith the preempting
tasks (i.e., all the tasks that have higher priorities than the preempted task). A low
priorit y task might be preempted more than onceby a higher priorit y task, depending
on the period of the low priorit y task as comparedto the period of the high priority
task. As proposedin [1], path analysis is applied to the preempting task in order
to tighten the estimate of cache reload overhead in this step. From the third step,
we obtain an estimate of the number of cade lines that needto be reloaded after
preemption. Then, we can calculate the cade reload overhead.In the fourth step, we
preform WCRT analysis for all tasks basedon the results from the third step.

4 Intra-task cache access analysis

According to Condition 2 in Section 3.2, the memory blocks of the preempted task
that can possibly causecacdhe reload overheadmust be presen in the cache beforethe
preemption and must be accessedy the preempted task again after the preemption.
Leeet al. give an approach to calculate the maximum set of such memory blocks.

A set-asseiative cace is de ned by three parameters:the number of cade sets,
the number of cade lines in a set (i.e., the number of ways) and the number of
bytes/words per cadche line. A direct mapped cace can be viewed as a special set
assiative cathe which has only one way. We assumethat the setsin a cace are
indexed sequetially, starting from 0. All the cadhe lines in a cache set have the same
index. A cacthe setwith an index of i is represertied with cs(i). Accordingly, a memory
addressis divided into three parts: the tag, the index and the o set. We useidx(a)
to denote the index of a memory addressa. When a memory block with an address
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of a is loadedto a setassaiative cace, it canonly occupy a cace line with an index
of idx(a). In this paper, we assumethat the LRU algorithm is used for cade line
replacemen. However, our approac can also be applied with minor modi cations to
cadheswith other replacemen algorithms. For example, if a Round-Robin algorithm
is usedfor cache line replacemen, we only needto slightly changethe intra-task cache
eviction algorithm usedin the approach of Lee et al. The inter-task cace eviction
analysis algorithm can be applied to all cache line replacemen policies.

As we mentioned in Section3.1, a task can be represeried with a CFG. Each node
in a CFG is an SFP-PrS. A task can be preempted at any point, which is called an
execution point. When a preemption happens, a task can be viewed as two parts, one
part beforethe preemption and the other part after preemption. The pre-preemption
part of the preemptedtask loaded memory blocks to the cadhe. Someof thesememory
blocks might be accessedagain by the post-preemption part of the preempted task.
These memory blocks are called useful memory blocks. Only useful memory blocks of
the preempted task can possibly causecache reload after preemptions.

For a formal description, we usethe notation of reaching memory blocks (RMB) and
living memory blacks (LMB) asde ned in [18]. The set of reaching memory blacks of a
cache setcs(i) at an execution point s of a task is denotedby RM BL. RM B/ cortains
all possiblememory blocks that may residein cade set cs(i) when the task reaces
execution point s. Supposea cade sethas L cadelines (i.e., a L-way set assiative
cache). If a memory block canresidein cs(i), this memory block must have an index of
i. Moreover, in order to be contained in RM B, this memory block is one of the last L
distinct referencedo the cache setcs(i) whenthe task runs along someexecution path
reaching execution point s. Otherwise, this memory would have beenevicted from the
cache by other memory blocks. Similarly, the set of living memory blocks of cadhe set
cs(i) at execution point s, denoted by LM B, contains all possible memory blocks
that may be one of the rst L distinct referencesto cace set cs(i) after execution
point s.

In [18], Lee et al. demonstrate that the intersection of RM BL and LM Bl can be
usedto nd a superset of the set of memory blocks in the preempted task that may
causecacde line reload(s) due to preemption. The details of their algorithm can be
found in [18,19]. Of course,whether those memory blocks will really causecade line
reloading still depends on the actual path the preempted task takes and the cade
lines usedby the preempting task.

5 Inter-task cache eviction analysis

In [1,2], we proposean approac to calculate the intersection of cache lines that are
usedby both the preemptedtask and the preempting task. In that paper, we assume
that all memory blocks used by the preempted task when the preempted task runs
along the longest path are useful. However, the results from the approad of Lee et
al. shaw that this is not always true. In this paper, we focus on incorporating Lee's
intra-task cade accessanalysis with the approac in [1,2] in order to give a tighter
estimate of cache-related preemption delay in multi-tasking preemptive systems.

As stated in Condition 1, the cade lines that may needto be reloaded must
be accessediy both the preempted and preempting task. This implies that we need
to calculate the intersection of cadce lines used by the memory blocks found in the
approach of Lee et al. and the memory blocks accessedy the preempting task.
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Memory blocks that are mapped to di erent cade setswill never conict in the
cade. In other words, only memory blocks that have the sameindex can possibly evict
ead other becausethese memory blocks are loadedto the samecade set. Intuitiv ely,
we can divide memory blocks into di erent subsetsaccordingto their index.

Supposewe have a set of g memory block addressesM = fmo;my;::;;mg 19, and
an L-way set assaiative cache. The index of the cache rangesfrom Oto N 1. We
can derive N subsetsof M as follows.

m; = fm, 2 Mjidx(my) = ig; (0 i< N) (1)

When the memory blocks in the samesubsetde ned above are accessedthesememory
blocks are loaded into the sameset in the cace becausethey have the sameindex.
Thus, cache evictions can happen among these memory blocks (i.e., with the same
index).

If we denote M = fimijin; 6 ;; O i < Ng, where; is the empty set and m; is
de ned as Equation 1, then & is a partition of M [2]. Basedon this conclusion, we
de ne the Cadhe Index Induced Partition of a memory block addressset as follows.

De nition 3. Cachelndex Induced Partition (CIIP) of a memory block addressset
Supposewe have a set of memory block addressesM = fmg; my;::;;mg 19, and an
L-way set assaiative cadhe. The index of the cadhe rangesfrom Oto N 1. We can
derive a partition of M basedon the mapping from memory blocks to cache sets,which
is denotedby K = fim;ijim; 6 ;; O i < Ng. Eachim; = fmy 2 Mjidx(my) = igis a
subsetof M. We call & the CIIP of M.

The CIIP of a memory addressset categorizesthe memory addressesaccording
to their indicesin the cace. Cache evictions can only happen among memory blocks
that are in the samesubsetin the CIIP. We rst de ned and introduced CIIP in [1].

The de nition of CIIP providesa formal represeniation usefulto analyzeinter-task
cache evictions. Supposewe have two tasks T, and Ty,. All the memory blocks accessed
by Ta and Ty arein the setMa = fmga.0; Ma:1; 555 Mak, gandMp = fMp.o; Mp1; i My, d
respectively. Ty, has a higher priority than T,. An L-way set ass@iative cache with a
maximum index of N 1 is usedin the system. In the caseT, is preempted by T,
the cadhe lines to be reloadedwhen T, resumesare usedby both the preempting task
and the preemptedtask. Thus, we canlook for the con icting memory blocks accessed
by the preempting task and the preempted task in order to estimate the number of
reloadedcache lines. We can usethe CIIPs of M, and My, to solve this problem.

We use M, = fima.o;ima ;MmN 10 to represent the CIHIP of M, and My =
fimpo; Mp1; 0 Mmpn 19 to represen the CHIP of My, For gy, 2 M, and g, 2 M,
only when k; = ke can memory blocks in .., possibly conict with memory blocks
in My, in the cadhe. Also, whenthe memory blocks in i, and iy, areloadedinto
the cacdhe, the number of con icts in the cache cannot exceedmin (jimak,J; jMpk,J; L),
where L is the number of ways of the cache. Therefore, we can conclude that the
following formula givesan upper bound for the number of cade lines that could be
reloaded after Task T, resumesfollowing a preemption by Task Ty:

l’( 1
S(Ma;Myp) = min fj a, j; jidp,j; Lg 2
r=0

wherem,, 2 ,; Dy, 2 9.
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S(M,; Myp) denotesan upper bound on the number of cache linesthat con ict when
the memory blocks in M, and My, are loadedinto the cache. This number can be used
to estimate the cadhe linesto be reloadeddue to Ty preempting Tj.

Example 2. Supposewe havea a 4-way set ass@iative cachewith 16 sets. Each cache
line has 16 bytes. Two tasks T; and T, run with this cache. The memay block ad-
dressesaccessedy T; and T, are containedin M; = f0x700; 0x800; 0x710; 0x810;, 0x910g
and M, = f0x200,0x310;, 0x410, 0x510g respectively The CIIP of M; and M, are M, =
ff Ox700; 0x800g; f 0x 710, 0x810; 0x910gg and M1, = ff 0x200g; f 0x310; 0x410; 0x510gg respec-
tively.

If we map the memay blocksin M; and M, to the cacheas shown in Figure 2(a),
we nd that the maximumnumber of overlapged cachelines, which is 4, is the sameas
the resultderivedfrom Equation2. Note that the memay blocks canbe mappedto cache
linesin other ways (e.g., 0x800 can possiblybe mapped to line 0 insteadof line 1, but
in this case0x800 would kick out 0x700 or vice versa).In any case,the mappinggiven
in Figure 2 givesa casein which the largestamount of cacheline overlapsoccur. Let us
consideranothercase:if we mapthe memay blocksin M; and M, to the cacheasshaown
in the Figure2(b), only two cachelinesoverlap.Therefae, Equation2 only givesan upper
bound (as opposedto an exactcount) for the number of overlapped cachelines.

Now, we can calculate the intersection of useful memory blocks of the preempted
task as derived from the approac of Lee et al. and the memory blocks used by the
preempting task in order to estimate the cade reload overhead.

Supposewe have two tasks, T, and Tp. Ty has a higher priorit y than T, thus, Ty
can preempt T,. In the casethat T, preempts T,, we want to know the number of
cache lines that needto be reloadedby T, after T, resumesfrom the preemption.

De nition 4. The Maximum Useful Memory Blocks Set (MUMBS) : The maximum
intersection setof LM B and RM B over all the execution points of a task T, is called

the maximum set of useful memory blocks of this task. It is represerted with Nr. Rzra
is the CIIP of Nr,.

We usethe approacd of Leeet al. to calculate the MUMBS of the preempted task.
Only the memory blocks in this set can possibly be reloadedby the preempted task.

The simulation method in SYMTA is usedto obtain all the memory blocks that can
possibly accessedhy the preempting task [8]. All these memory blocks are contained
in asetMy. My is the CIIP of My. Only the memory blocks in M}, can possibly evict
the cade lines used by the preempted task. Note that we can apply path analysis
techniques proposedin [1,2] to the preempting task in order to tighten the estimate
of cade reload overheadby reducing the number of memory blocks in My,.
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Then, we apply Equation 2 to calculate the intersection of memory block set M,
and My, which is showvn in Equation 3. This result givesan upper bound on the number
of cadhe lines that can possibly needto be reloaded after T, preempts T.

l’( 1
S(NMFa; My) = min fj Ba, j; joj; Lg (3)
r=0

where rha;r 2 Rﬁa; oy, 2 9.

We use Cpre(Ta; Tp) to represert the cade reload cost imposedon task T, when
T, is preempted by task Ty,. Supposethe penalty for a cache missis a constart, Cpiss -
Then, Cyre(Ta; Tu) can be calculated with the following equation:

Cpre(Ta; To) = S(Ma;Mp)  Criss 4)

6 WCRT analysis

We can use the Worst Case Response Time (WCRT) to analyze schedulability of a
multi-tasking real-time analysis as shovn in [17]. The approad usesthe following
recursive equationsto calculate the WCRT R; of the task T;.

X Ri
Ri =G+ ds-e (G + j) (5)
2@ 1)

where hp(i) is the set of tasks whosepriorities are higher than T;. Becausewe as-
sumethat all tasksare sortedin the descendingorder of their priorities in this paper, we
have hp(i) = fkj0O k< ig. ; isthe cachereload costrelated to preemptions caused
by T; (indirect or direct). Recall that C; is the WCET of'E, and P; is the period of
TaskT; asde ned in Section3.1.In this equation, the term ~ ;,,,;,d ,Fi—jie Ci+ )
re ects the interference of preempting tasks during the execution time of T;. This
equation can be calculated iterativ ely. The iteration can be terminated when R; con-
vergesor R; is greater than the deadline of T;. If R; is greater than its deadline, task
T; cannot be guaranteed to be scheduled successfully

In [17], the authors assumethat all the cadhe lines used by the preempting task
need to be reloaded after the preemption. As we pointed out in Section 4 and 5,
this assumption exaggeratesthe cade reload cost for ead preemption. We can ap-
ply inter-task and intra-task cade eviction analysis techniques above to reduce the
overestimation in Equation 5.

When we estimate the WCRT of task T;, we needto considerall possiblepreemp-
tions causedby ead task, Tx; O k < i, which has a higher priority than T;. Tk
can preempt T; directly, which brings a cade reload overhead of Cp,¢(T;:Tk) to the
WCRT of T;. T; can alsobe preempted by Ty indirectly. Let us consider Example 3.

Example 3. Considertwo casesin Figure1(B). T, is preemptedby T, twice. At the rst
time, T» is preemptedby Tq directly, thus, the cachereload overheadis Cp;e(T2; To).
In the secondcase, T, is preemptedby T; rst, then T; is preemptedby Ty further.
Thus, T, is preemptedby Ty indirectly in this case.The cachereload overheadcausedby
this indirect preemptionis Cyre(T1; To). In practice, it is dicult to know if To preempts
T, directly or indirectly In order to avoid underestimatingthe WCRT of T,, we use
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max(Cpre(T1; To); Core(T2; To)) asthe cachereload overheadcausedby To preempting
T, (i.e., eitherindirectly or directly).

Example 3 shavsthat when oneor more than onetask hasa priorit y higher than T;
and lower than Ty, the cadhe reload overheadcausedby Ty preempting T; dependson
the actual preemption scenarioswhich is di cult to predict in practice. Thus, in order
to avoid underestimating WCRT, we usean upper bound, max|_ ., f Cpre(Ti; Tk)g, to
uniformly estimate the cacde reload cost causedby Ty preempting T;.

In Equation 5, C; is the WCET estimate of T; without considering preemption.
We use SYMTA [8] to estimate WCET. Note that the cost of context switch caused
by preemptionsis not included in Equation 5. Here, we focus on cache reload overhead
analysis and assumethe cost of a context switch is a constart, Ccs, which is equal to
the WCET of a context switch. The context switch function cannot be preempted,
sothe context switch costis not a ected by inter-task cace eviction. Therefore, it is
reasonableto assumethe context switch costis a constart, which is its WCET. The
context switch function is called twice in every preemption, oncefor switching to the
preempting task and oncefor resuming the preempted task.

When preemptions are allowed in a multi-tasking system,the WCRT of tasks that
can be preempted may be increasedbecauseof cadhe reload overhead.By considering
the cadhe reload overhead, Equation 5 can be modi ed asfollows:

X1 R .
Ri=C+ dP—"e (Cj + maXi=j+1prre(Tl;Tj)g+ 2Ccs) (6)
j=o "/

Basedon Equation 6,we can estimate the WCRT for ead task T; with the following
iteration:
RY = Ci;
1- Pi 1 RO i )

. k 1 .
Rf=Ci+ ? J!zoldRiTe (Cj + maxj_ g fCpre(Ti; Tj)g+ 2Ccs)

This iteration terminates when R; corvergesor R; is greater than the deadline of
T;. After the iteration is terminated, we comparethe value of R; with the deadline of
Ti. Only if R; is lessthan the deadline of T; can T; be guaranteed to be successfully
scheduled. Hence,we can analyzethe schedulability of the systembasedon the WCRT
estimate of ead task.

In Equation 6, every preemption is tied to an invocation of a task. Thus, no in-
feasiblepreemptions are intro ducedto the WCRT estimate. A preemption is included
in our estimate only when a task with a higher priorit y than the running task arrives
(i.e., the condition for preempting is satis ed). However, in the approac of Lee et
al., the number of preemptions are estimated separately from the number of invoca-
tions of tasks. Due to this separateestimation of the number of preemptions, Lee et
al. [19] su er from a problem that our approach as presered in this paper does not
have: infeasible preemptions that cannot happenin any real casecould potentially be
included in the WCRT estimate. To eliminate this possibility, Lee et al. usean ILP
formulation to remove infeasible preemptions.
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Now, let us consider the computational complexity of this iteration procedure.
Becausewe concludethat R; corvergesand R; = RK if RK is equalto R¥'!, R; has
to increasemonotonically before the iteration is terminated. R; hasto be increased

by minlZy *(Cj) at least in ead iteration. On the other hand, R; cannot exceed

Pi. Thus, the number of iterations is limited by W_[)F')Il(—cj) This implies that the

number of iterations hasa constart upper bound when the periods and the WCET of
tasks are determined. In ead iteration, we have to calculate max}:j 1 TCore(Ti; T))0.

This can be done by calculating all possiblepreemption scenariosCp ¢(Tp; Ta), Where
a<b0 a n 2andl b n 1 nisthe number of tasks. Sothe number of
preemption-related cade reload cost is O(n?), where n is the number of tasks. Note
that in [19], in order to estimate the WCRT for onetask, all the preemption scenarios
have to be investigated. The total number of preemption scenariosis exponertial in

the number of tasks. Thus, our method is more feasible and scalablethan [19] when
there are a large amourt of tasks in the system.

7 Experimental Results

Our experiments are run on an ARM9TDMI processorwith a 4-way set assciative
uni ed cache, the sizeof which is 32KB. Each line in the cadheis 16 bytes; thus, there
are 512linesin ead \w ay" of the cachein total. The instruction setis simulated with
XRAY [22]. The whole system s integrated with SeamlessCVE provided by Mentor
Graphics [21]. The tasks are supported by the Atalanta RTOS deweloped at Georgia
Tedh [20].

First, we have two experiments eac with three tasks. The tasks in the rst ex-
periment, IDCT, ADPCMD and ADPCMC, are described in Example 1. The tasksin
the secondexperiment are a Mobile Robot cortrol program (MR), an Edge Detection
algorithm (ED) and an OFDM transmitter (OFDM). We useSYMTA to estimate the
WCET of eadh task in the experiments. The periods, priorities and WCET of tasks in
ead experimert are listed in Table 1.

Table 1. Tasks
Tasksin Experiment | Tasksin Experiment 11

Task |[WCET(us) |Period(us)|Pri. || Task |WCET(us) |Period(us)|Pri.
ADPCMC 7675 50,000 | 4 ||OFDM 2830 40,000 | 4
ADPCMD 2839 10,000 | 3 ED 1392 6,500 3

IDCT 1580 4,500 2 MR 830 3,500 2

In the experiment, we comparefour approachesto estimate cache reload overhead
causedby preemptions. Furthermore, we calculate the WCRT of ead task by using
Equation 6.

Approach 1 (Al): All cache lines usedby preempting tasks are reloadedfor a preemp-

tion. Note that this approach is proposedby [17].

Approach 2 (A2): Only linesin the intersection set of lines usedby the preempting task

and the preempted task are reloadedfor a preemption. The inter-task cade eviction

method proposedin [1] is used here.

Approach 3 (A3): Intra-task cace accessanalysisfor the preemptedtask proposedby

Leeet al. in [19] is used here. Note that no path analysisis applied in this approach.

This approad can potentially include infeasible preemptions in the WCRT estimate

(which doesnot exist in our approach).

Approach 4 (A4): Both inter-task cade eviction analysis and intra-task cace access
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Table 2. Number of cadhe lines to be reloaded
Experiment | Experiment |1
Preemptions Al |A2|A3|A4|| Preemptions |Al|A2|A3 A4
ADPCMC by IDCT |249 68|64|56||OFDM by MR |245/134({118| 88
ADPCMC by ADPCMD [220[{114/92|64||OFDM by ED |254|172|135| 98
ADPCMD by IDCT |183158|55|46|f ED by MR |245| 87| 85|81

analysisare usedto estimate the cade reload cost. Also, path analysis proposedin [1]
is applied to the preempting task. Approach 4 is the approac describedin this paper.

The estimatesof the number of cachelinesto bereloadedin ead type of preemption
derived with thesefours approacesare listed in Table 2.

Table 3. Comparison of WCRT estimate

Experiment | Experiment |1

Chmiss Task Al A2 | A3 | AA |ART || Task | A1 | A2 | A3 | A4 |ART
ADPCMC | 35743[29392291722883623513|OFDM | 9847] 9350 | 9279 6456|6113
10 |ADPCMD | 6565 | 6315| 6309|6291|6190|| ED |2567 2409|2407 2403|2382
ADPCMC | 48528(35607350792942(/23867|OFDM [1251G 10096 9954 | 95246211
20 |ADPCMD | 6931 | 6431|6419|6383|6223| ED |2812|2496|2492|2484|2400
ADPCMC | 88606[38997381393517524101|OFDM [23501/121741196499844 6255
30 |ADPCMD | 7297 | 6547|6529|6475|6278| ED |3057|2583| 577 | 2565|2426
ADPCMC |35923 4814@3933 3584324353|OFDM [45216167001277410444 6362
40 |ADPCMD | 7663 |6663 6639| 6567 | 6354| ED |3302|2670|2662| 2646|2525

We use SYMTA [8] to obtain the WCET of a context switch, which implies that
the instructions of the context switch function and the memaory blocks where contexts
of the preempted and the preempting tasks are saved are not in the L1 cache whenthe
context switch function is called. In this case,the WCET of a single context switch
estimated with SYMTA is 1049cycles.

In the rst experiment, the WCRT of ADPCMC and ADPCMD can be calculated
basedon the results showvn in Table 2. Notice that IDCT hasthe highest priorit y and
thus cannot ever be preempted. As a result, the WCRT of IDCT is just equal to its
WCET. We alsovary the Cyiss from 10 cyclesto 40 cyclesto investigatethe in uence
of cache miss penalty on the WCRT. The estimate results (Approach 1 through Ap-
proach 4) and the Actual ResponseTimes (ART) { which is the WCRT asobsenedin
simulation { are listed in Table 3. (Pleasenote that aswe did not exhaustall possible
input data in our simulations, the obsened ART may underpredict WCRT; nonethe-
less, for our experiments the ART should be quite closeto the WCRT considering
the fact that the tasksin the experiments do not have complicated cortrol o ws and
the size of the input data is xed). Table 4 lists the improvemert of our approach
(Approach 4) over all other approaches(Approach 1, Approach 2 and Approach 3) in
these rst two experimerts.

Approach 1 assumesthat all cade lines used by the preempting task will be ac-
cessedby the preempted task after the preempted task is resumed. Obviously, this
may not be true. Somecade lineswill never be usedby the preemptedtask no matter
which path the preempted task takes. Thus, by calculating the set of cace lines that
can possibly be accessedy both the preempting and the preemptedtask, we can fur-
ther reducethe estimate of the number of cache lines to be reloadedby the preempted
task, as shown in Approach 2.
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Approach 3 calculatesthe maximum set of memory blocks in the preempted task
that can potentially causecade reload. Inter-task cade evictions are also considered
in this approach. However, there is no path analysisin this approach. As compared
with Approach 3, Approach 4, in which we apply path analysis techniques on the
preempting task, achievesa signi cant reduction of up to 30%in the WCRT estimate
of OFDM.

Table 4. Comparison of results for di erent approaches

Comparison Experiment | Experiment 11
Cache Penalty (cycles) Cache Penalty (cycles)
Task 10| 20| 30 | 40 || Task | 10 | 20 | 30 | 40
ADPCMC [19%|39%|60%| 92% ||OFDM |34%|23%|57%| 77%
A4 vs. A1 |ADPCMD | 4% | 8% [11%| 14% || ED | 6% |12%|16%| 20%
ADPCMC | 2% |17%]|10%| 26% ||OFDM |31%| 6% |18%| 38%
A4 vs. A2 |ADPCMD | 1% | 1% | 1% | 1% ED [0.2%]0.5%| 1% | 1%
ADPCMC (1.4%) 16%| 8% | 9% ||OFDM |30%| 4% |17%| 18%
A4 vs. A3 |ADPCMD |0.2%]|0.3%(0.5%| 0.6% || ED [0.3%]0.6%0.8%| 1%

We also executeda third experiment with a larger number of tasks. In this exper-
iment, we have six tasks, OFDM, ADPCMC, ADPCMD, IDCT, ED and MR. The
priorit y and period of ead task is listed in Table 5. Note that, in order to satisfy the
necessarycondition of schedulability of a real-time system (i.e., the total utilization
of all tasks must be lessthan 100% [14,15]), we increasethe periods of sometasks
as comparedto the sametasks in experiment 1 and experiment 2. ADPCMC hasthe
lowest priority and MR has the highest prority. The WCET of ead task stays the
same.

Table 5. Tasksin Experiment 11

T1(MR) [T2(IDCT) [T3(ED) |Ts(ADPCMD) [T5(OFDM) |Ts(ADPCMC)
Period(us) | 7,000 | 9,000 |13,000 20,000 40,000 50,000
Priorit y 2 3 4 5 6 7
WCET(us) | 830 1580 1392 2839 2830 7675

We usethe four di erent approachesdescribed earlier to estimate the WCRT of the
two tasks with the lowest priorities, OFDM and ADPCMC, which may be preempted
more frequertly than other tasks. Table 6 givesthe WCRT estimates of OFDM and
ADPCMC with the di erent approacdes.

Table 6. WCRT estimates in Experiment 111

WCRT estimates of ADPCMC WCRT estimates of OFDM
Chmiss Al A2 A3 | A4 |A4 vs.A3|| Al A2 | A3 | A4 |Ad4 vs. A3
10 51572 | 34837(3433633781] 2% 16901(162171594815643 2%
20 75585 | 58646(5199038235 27% 25904|17531/1699316383 4%
30 258814| 75673|690255749q 18% 50831|257562469717123 31%
40 68373281520237672968599 11% |[116464336903183417863 44%

Approach 3 and Approach 4 are comparedin Table 6. By applying path analysis,
the WCRT estimate is reducedby up to 44%. Thus, we demonstratethat our approach
can tighten WCRT estimate signi cantly by using path analysis technique, which is
missing in the enhancedapproadc of Leeet al. [19].

As stated in Section 6, the approach of Lee et al. cannot guarantee removal of all
infeasible preemptions. We have one last (actually, fourth) experiment to show the
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e ect of infeasible preemptions. For example, considerthe following scenariobasedon
the experimert in Lee et al. [19].

The four tasks listed in Table 7 are used in the experiment in [19]. When the
cade reload penalty is 100 cycles (this is the penalty usedby Leeet al. in [19]), the
WCRT of FIR (i.e., the task with the lowest priority) given by the approad of Lee
et al. is 5,323,620cycles. Howewer, the WCRT estimate resulting from the iteration
we proposedin Section 6 is 3,297,383cycles, which shows a reduction of 38%. Note
that we usethe preemption related cache reload cost as reported in [19]. Sincewe use
the samecade reload cost for eat preemption, the di erence in WCRT estimate is
causedby the the number of preemptions usedin WCRT estimate. Apparently, the
approach of Lee et al. cannot remove all the infeasible preemptions.

Table 7. Tasksin the paper of Lee et al. [19]

Task| Period WCET

FFT | 320,000 |60;234+ 280 Chiss
LUD | 1; 120,000 255,998+ 364 Chmiss
LMS | 1;920, 000 |365,893+ 474 Chmiss
FIR (25; 600, 000557589+ 405 Cpiss

8 Conclusion

We proposea method to analyze the preemption cost causedby cacdhe eviction in a
multi-tasking real-time system.The method rst analyzesthe maximum setof memory
blocks in the preemptedtask that can possibly causecade reload. Then, the method
incorporates the inter-task cacde eviction behavior by calculating the intersection set
of cache lines used by the preempting task and the preempted task. By combining
these two approades, we achieve over prior state-of-the-art up to 44% reduction in
WCRT estimate in our experiments.

For future work, we plan to expand our analysis approach for systemswith more
than two-level memory hierarchy. Also, we will researd the cache eviction problem in
multi-pro cessorsystems.
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