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Abstract—When sharing a cache between multiple cores, the
inter-core interference has to be considered in the worst-case
execution time (WCET) analysis. Current interference models are
overly pessimistic or not applicable to preemptively scheduled
systems. We propose a novel technique to model interference in a
preemptive system to classify accesses as cache hits or potential
misses. We account for inter-core interference by considering the
potential execution scenarios on the interfering core and find the
worst-case interference pattern. The resulting access classifications
are then used to compute the cache-related preemption delay. Our
evaluation shows that the proposed analysis significantly increases
the cache hit classifications, reduces WCET on average by up to
11.7%, and reduces worst-case response times on average by up
to 15.4% compared to the existing classification technique.

1. INTRODUCTION

In hard real-time systems, the timing properties of tasks are
verified to ensure that no deadline will be violated. To this
end, the worst-case execution time (WCET) of each task is
analyzed. As the memory access latency is a major contributor
to the execution time, the behavior of caches needs to be
analyzed. The cache behavior can be captured by classifying
accesses using cache-hit-miss-classifications (CHMC) [1]. The
CHMC distinguishes between accesses that always hit, always
miss, or produce uncertain behavior. Based on these access
classifications, the WCET can safely be estimated.

In multi-core systems, the last-level cache is often shared
between cores, which causes inter-core interference to emerge.
The inter-core interference complicates the access classification
as interfering cores can evict data from the shared cache.
The access classification needs to account for this interference
to arrive at a safe WCET estimate. The standard approach
to account for inter-core interference counts the number of
conflicting cache blocks from tasks running on other cores [2].
All potential conflicts are assumed to occur on each access to
the shared cache — this is obviously pessimistic.

Multiple techniques to increase the analysis precision have
been proposed [3]-[7]. However, all of these approaches have
significant limitations. The exhaustive analysis in [3] computes
precise classifications but is computationally infeasible for
complex systems. [4] and [5] only compute a timing penalty
bound from shared cache interference instead of classifying
individual accesses. Additionally, [4] assumes that the total
number of conflicting accesses is known; the impact of (non-)
preemptive scheduling on the analysis is not discussed. And [5]
is limited to non-preemptive scheduling as the access ordering
does not account for preemption effects which increase the
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interference. Finally, [6] and [7] are only applicable to systems
with a single task per core.

In this paper, we present a classification method for accesses
to a shared cache in a preemptively scheduled multi-core
system. Instead of considering all potentially conflicting cache
blocks in an access classification, we determine how quickly a
task creates interference at the shared cache. Timing properties
were first included in the access classification by [6] and [7];
however, without taking the impact of scheduling decisions into
account.

The challenge posed by a preemptively scheduled system for
access classification is twofold: 1) multiple jobs with different
interference profiles can interfere with a single access, and
2) a preempted job may create additional interference when
resuming execution.

To solve the first challenge, we construct a regular language,
which captures all possible interleavings of jobs on the interfer-
ing core. We then compute a bound on the interference of a core
by combining the interference caused by the execution of in-
dividual jobs. We solve the second challenge by differentiating
between previously preempted and unpreempted job executions.
For previously preempted jobs, we consider the additional L1
misses due to preemption in the L2 interference computation.

The key contributions of this paper are:

e« We develop a model of shared cache interference in
preemptive multi-tasking systems based on the inter-arrival
time of conflicting cache accesses.

« We incorporate the results of the access classification in
the cache-related preemption delay (CRPD) calculation to
determine the worst-case response time (WCRT).

e Our evaluation shows significant performance improve-
ments compared to the baseline analysis [2], [8].

In Sec. II, we highlight related work. Sec. III gives an
overview of the analysis. A formal language to model schedul-
ing decisions is presented in Sec. IV. Interference curves are
computed in Sec. V, while Sec. VI focuses on CRPD. Sec. VII
presents the evaluation results. Sec. VIII concludes the paper.

II. RELATED WORK

Hardy et al. [2] analyze shared cache interference by count-
ing the number of conflicting cache blocks. All interfering
blocks are considered to cause interference on each access to
the shared cache. Liang et al. [9] determine which tasks may
run in parallel to reduce the conflict number. Dharishini and
Murthy [10] use synchronization points to bound the inter-
thread interference in a multi-threaded program. Nagar [4]
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presents an analysis for shared caches by determining the worst-
case placement of interfering accesses in the control-flow graph.
The total delay is bounded using the number of interfering
accesses. Zhang et al. [S] use a happens-before ordering for
conflicting cache accesses. This eliminates infeasible conflicts
from the interference computation. The analysis computes an
upper bound on the delay caused by cache interference. Xiao et
al. [11] analyze the inter-core interference in a non-preemptive
system. Inter-core interference is measured as the number of
conflicting blocks accessed by interfering tasks. The delay
due to interference is computed using the number of accesses
targeting potentially evicted blocks.

In contrast to [2] and [9], the approaches [4], [5], [11] are
quantitative analyses. Instead of classifying each access, only
an upper bound on the total delay is given.

Kelter [3] explicitly considers all possible interleavings of
accesses to the shared cache. This approach suffers from state
space explosion and is not applicable to complex systems.
Fischer and Falk [6], [7] use event-arrival curves to analyze
how quickly an interfering task may evict data from the shared
cache. The reuse time of cache blocks is determined and used
to classify accesses as hits or potential misses. However, the
analysis is limited to systems with a single task per core.

In contrast to previous research, the approach proposed in
this paper is applicable to systems where multiple tasks are
scheduled preemptively. Furthermore, the analysis produces a
hit or potential miss classification for each access to the shared
cache, which is used to determine a bound on the CRPD.

III. SYSTEM ARCHITECTURE AND OVERVIEW

In this section, we describe the system architecture and give
an overview of the proposed analysis.

The system architecture consists of multiple cores with
private L1 caches. The cores are connected via a round-robin
bus to the shared L2 cache. The L2 cache is set-associative with
Ar2 ways and uses the least-recently-used (LRU) replacement
policy. The cache hierarchy is non-inclusive.

We consider a periodic task model; the period of a task 7 is
denoted by P;. Each core is assigned a fixed set of tasks 7" and
uses fixed-priority preemptive scheduling. For tasks 7, € T
we write 7 < ¢ iff ¢ has higher priority than 7. We assume
that the scheduling overhead is negligible and does not affect
the behavior of the shared cache.

The analysis presented in this paper uses the concept of
event-arrival curves to model cache interference [6], [7], [12].
An interference curve expresses how much interference is
caused by an interfering core over a specific time frame.
Formally, it is a monotonic function 7 : Ny — Ny, which maps
a time frame, measured in cycles, to the maximal number of
distinct cache blocks that are accessed at the shared cache. This
concept allows us to bound the interference based on the time
between two accesses to the same cache block.

We will give a brief overview of the analysis described in [7]
for systems with a single task per core. It consists of two steps:
1) deriving interference curves and 2) analyzing the cache block
reuse time.

The interference curve of a task is derived from its control-
flow graph (CFG). To determine the interference over a time
frame of At cycles, paths in the CFG with a duration less
or equal to At cycles are considered. The maximal number
of accesses to distinct cache blocks is determined using an
ILP based on implicit path enumeration. In the second step,
potential hits, i.e., accesses to cache blocks that were previously
loaded into the cache and have not been evicted by intra-
task interference, are analyzed. A backward data-flow analysis
determines the maximal duration from the initial access to the
potential hit. This value is termed the reuse time. Evaluating
the interference curve at the reuse time gives a bound on the
interference. Thus, it is possible to classify the access as either
a cache hit or potential miss. The approach [7] is restricted to
systems with a single task per core as the interference curves
are derived from the CFG of individual tasks.

In this paper, we apply the concept of interference curves to
shared caches in preemptively scheduled systems. The key idea
is to construct a formal language that models the execution of
interfering jobs. The language describes all possible interleav-
ings of job executions; each word corresponds to a particular
sequence of job executions. Thus, each word in the language
has a corresponding interference curve. We can compute the
interference curve associated with a word by convolving the
individual job curves in the max-plus algebra. We account
for preemption effects in this step. Accesses classified as L1
cache hits may access the shared cache after a preemption. This
additional interference is included in the interference curve.

The worst-case interference a cache block may experience
can be determined by taking the maximum interference over
all curves induced by the language. As the language contains
infinitely many words, we perform a branch and bound search
to determine the worst-case interference curve. We are thus able
to make qualitative statements on the behavior of the cache by
classifying the cache accesses using the worst-case interference
curve. This allows us to safely estimate the WCET accounting
for inter-core cache interference.

In a preemptively scheduled system, it is insufficient to only
consider the WCET; the delay caused by preemptions has to
be considered also. This includes the execution time of the
preempting task but also additional context switching costs. In
particular, the state of caches is modified during a preemption.
Thus, additional cache misses may occur after a preemption.

The available methods [8] [13] for CRPD analysis of non-
inclusive two-level caches rely on the standard classification
approach [9]. Accesses considered a cache hit by the timing
analysis contribute to the CRPD [14]. As the classification
approach presented in this paper increases the precision of
the hit classification, the additional hit classifications must be
accounted for in the CRPD computation. We provide a bound
on the additional CRPD in Section VI.

IV. MODELLING INTERFERENCE UNDER PREEMPTIVE
SCHEDULING

In this section, we determine how much interference can be
created by a core over a particular duration. To compute the
worst-case interference curve caused by a set of tasks executing



on a core, we consider all possible execution scenarios, which
describe the order in which jobs are processed and how they
preempt each other.

There are two types of scheduling events: 1) starting a job,
and 2) finishing a job. We call the time frame between two
scheduling events a segment. In a segment, the core processes
the active job. We differentiate the state of the active job into
three different categories. They are:

1) Start: A job which starts executing in this segment.

2) Run: A job which neither starts nor ends in the segment

and has been preempted previously.

3) End: A job which ends in the segment and may have been

preempted.
To represent a job of task 7 in the state Start, Run, or End, we
utilize the symbols s, 7, e, respectively. The set > contains
all possible active jobs (1).

Y= U{ST,TT,eT} (1)
T7eT

The function C' : ¥ — (Ny — Njy) maps a segment to its
event curve. As noted above, the event curve for a single
segment is derived from the CFG of the corresponding task.
To compute the value C(o,)(At),0, € X, paths of 7 that
require at most At cycles are considered. From these paths,
the maximal number of cache blocks stored in the shared cache
is determined. When determining the curve for a job that may
have been preempted, the additional L2 interference due to the
L1 misses caused by the preemption have to be considered.
This can be done by considering L1 hits in the unpreempted
execution to create L2 interference in the preempted execution.
We will now focus on how the execution of multiple jobs is

interleaved due to fixed-priority preemptive scheduling.

Definition 1. An execution scenario is a sequence of letters
from the set X..

As an example, consider the following word over X for 7' =
{1,2,3} : s189ear183e3e1. The interpretation of the word is as
follows: First task 1 starts (sq); it is preempted by task 2 (s3);
after task 2 finishes (es), task 1 resumes execution (r1); task 1
is preempted again, this time by task 3 (s3); after task 3 ends
(e3), task 1 finishes (eq).

Furthermore, we define a valid scenario as a scenario that is
conforms to the notion of fixed-priority scheduling.

Definition 2. An execution scenario is valid if it satisfies the
following conditions:
1) A job may only be preempted by a job of higher priority.
2) After a job has finished, control is passed to the unfinished
job with the highest priority. If there is no unfinished job,
any task may spawn a new instance.

Based on these conditions we can model scheduling deci-
sions in a formal language.

Theorem 1. The set of valid execution scenarios forms a
regular language L.

We formulate a regular grammar (V, X, P, I) for L to prove
Theorem 1 by construction. V' denotes the set of non-terminal

variables, ¥ is the alphabet, P are the production rules, and [
is the initial non-terminal. The state of the core is abstracted
to the active job and the preempted jobs (2).

TS:{<TZ‘1,...,TZ‘") |j<ki = Ti, <Tik} 2)

TS contains all sequences of tasks ordered by ascending
priority. The interpretation of a sequence (7,¢) € TS is that
a job of 7 was running and got preempted by a job of . The
last task in the sequence indicates the currently active job, in
this example a job of task . The set of non-terminal variables
V' contains the initial non-terminal [ and is further induced by
the set 7S and the category of the last scheduling event (3).

V: {I}U U {StsaRts;Ets} (3)
ts€TS

The non-terminals S;s signify that the last scheduling event
was the start of a new job. Similarly, the non-terminals R,
show that the system currently processes a Run job, while E4
shows that a job was just finished. Using these non-terminals,
we formulate regular production rules P in (4).

V(..,1)eTS: I =58 . n|r-Ri. . |eE.y (4a)
Vo >7:0 R 7)== 8.5 r) (4b)

Vo >1:0 St = 8050 m) (4c)

V(.., ) €TS: S...r) = e B (4d)
V(..,T)€TS: E.ry =R nle B (4e)
VreT: Ey —5:5x (4f)

Vis € TS : Sis =€, Ris ¢, Eys ¢ (4g)

The initial non-terminal I is transformed into an active job 7
in one of the three states (4a). Note that the rule does not restrict
the initial state of the preempted jobs. All possible scenarios in
(...,7) € TS are considered because we are interested in the
scheduling decisions that occur between two usages of a cache
block, which happen at an arbitrary point in time. The rule
(4b) covers the scenario that a job 7 in the category of Run is
preempted. The start symbol s, for the new job ¢ is appended
and the stack of running jobs is extended to (...,7,¢). By
definition, a non-terminal R . ;) can only lead to a preemption
and not to the ending of the current job. After starting a new job,
there are two possibilities for the next event. Either, the newly
started job gets preempted (4c), or it will finish its execution
without preemption (4d). In the latter case, ¢ is removed from
the active task stack. The rules (4e) and (4f) are concerned
with the scheduling events that happen after a job has finished
executing. Rule (4e) covers the situation where a preempted
task 7 resumes execution after a preemption. It may either run
until it is preempted again or finish without being preempted
again. (4f) covers the case that the last active job has finished
executing. The only action that is possible in this situation is
to start a new job. The final rule (4g) allows all non-terminals
to be converted to the empty word ¢ to end the derivation.

Consider a task set T = {1, 2, 3}, listed in ascending priority.
The scenario of a preemption of 1 by 3 immediately followed
by starting 2, i.e., r1s3e3Se2, is not directly included in L.



However, the behavior is equivalently covered by rysse3rss,
as the second r; segment may be considered to last for 0 cycles.

Thus, we have created a regular grammar (V, ¥, P, I'), which
generates the scheduling language L and have proven Theorem
1 by construction. The words in L describe all execution sce-
narios which may occur on an interfering core. This language
is used in the next section to examine the emergent interference
behavior at the shared cache. Each scenario [ € L has a
different interference pattern on the shared cache. As we want
to make hit classifications that hold even under the highest level
of interference, we have to consider the worst-case interference
generated from all scenarios.

V. COMPUTING INTERFERENCE CURVES

In this section, we will compute the interference curve of
a single execution scenario and find the scenario causing the
worst-case interference. Let F' represent a mapping from a
scenario to the induced curve (5).

F:L— (Ng—Ngy), where Ny =NoU{-o0} (5

To properly define the function F', we first need to construct
the basic components. Event-arrival curves are computed using
the max-plus algebra [15]. In the max-plus algebra, —oo is the
absorbing element, i.e., Vn € Ny : —co +n = —oo. We use
the value —oo to signalize infeasible situations. We write the
max-plus convolution of 77 and 72 as the ® operator (6).

(m & m)(AL) = max (m(®)+mAdt-0)}  ©

The function W, either maps to 0 or —oo depending on the
parameter and applies a window to an interference curve (7).

Wt(At){o if At >t -
—oo else

Consider ((n1 ® n2) + Wigo)(At) as an example. The window
Wioo is added to the convolution of 7; and n,. The resulting
curve thus yields —oo for At < 100. By applying a window to
a curve, it can be marked as infeasible for short durations. Thus,
applying W; refines the interference computation for a scenario
by enforcing a minimal time between scheduling events.

Each scenario has a minimal duration to be feasible. For
shorter durations, it does not contribute to the interference
calculation. Let minDur (o ... oy,) be the minimal duration of
a scenario. We give two lower bounds for the minimal duration.

For the first bound, we introduce the helper function w :
Y2 — Ny. It gives a lower bound for the time that needs to
pass between scheduling events (8).

BCET(r) ifa=s;,b=-¢e,
w(a,b) = {O " else ®

Eq. (8) states that the minimal time between starting a job
and finishing that job is given by the best-case execution time
(BCET). Thus, the minimal duration of a scenario is bounded
by the time required for all complete job executions (9).

minDur(oy...0p,) > Z w(oi, 0i41) 9)

1<i<n

We create a second bound on the minimal duration by
considering the number of jobs that have started for each task
(10). Let #7 denote the number of starts of 7 in the considered
scenario oy ...oy,. The value P, - (#7 — 2) is a lower bound
on the time required to activate the task #7 times.

minDur(cy ...0,) > mea%({PT (#T—=2) | #7>2} (10)

Using these building blocks, we define F' in (11). The
function G5, .. 5,) recursively convolves the individual curves
C(oy,) from segments contained in the scenario and applies a
window to the result. The window parameter is the larger value
from (9) and (10) for o1 ...0.,.

Floy...0n) = ?Ulman) (11a)
Glyy 6y =0 (11b)

?;1...071,) = (Gzz-l_la-n) ® C(Jm)) + WnLinDur(al...am)
(11¢)

The maximal interference, denoted by n*, is then given as
the maximal interference over all scenarios (12).

7 (A) = max{F()(A0)} (12)

We are now able to compute an upper limit on the inter-
core interference. However, the search space of scenarios in
L is infinitely large. To explore it efficiently, we perform a
branch and bound search. For this purpose, the scenarios are
organized in a prefix tree. Each node represents a scenario [ €
L; edges correspond to a single derivation step (4); child nodes
are scenarios that possess [ as a prefix. This is possible as L
is a regular language.

We can terminate the exploration at a node with scenario
l € L if its minimal duration exceeds the time required to evict
all data from the cache. The scenario will not contribute to the
maximal interference curve, thus it is safe to discard it and (by
monotonicity of minDur(-)) any scenario that possesses [ as
a prefix.

Note that the language L is an over-approximation of the
feasible job sequences as it is constructed independently of the
task periods. By considering the period of each task, we can
identify infeasible scenarios. A feasible scenario has to satisfy
the constraint (13). Let ¢* be the highest priority task.

*
P,

As " preempts all other tasks and is released on a periodic
schedule, (#¢* + 1) - P,- is an upper bound on the execution
time of the scenario. The maximal number of activations of
tasks 7 # * in a feasible scenario is thus limited by (13).

Using n*, an individual access to the shared cache can now
be classified as a cache hit or potential miss. The worst-case
inter-core interference experienced by the cache block is limited
by 7" (tmaz ), Where t,,q, is the maximal duration since the last
access to the cache block. The access will result in a cache hit
if the resilience of the cache block is larger than the inter-
core interference. Multiple interfering cores can be modeled
by adding the interference value of the individual cores.

#TS[



VI. CACHE-RELATED PREEMPTION DELAY

In the previous section, cache accesses are categorized into
cache hits and potential misses using the interference curve
n*. The classifications can be used to compute a task’s WCET.
However, in a preemptively scheduled system, the CRPD needs
to be considered to determine the WCRT. In this section, we
will discuss how the CRPD can be computed based on the
presented hit classification approach.

A preemption impacts the cache behavior in two fundamental
ways: there are direct and indirect preemption effects [8]. The
direct effect occurs due to cache blocks aging (and being
evicted) by the preempting task; the indirect effect occurs due
to the increased intra-task interference after a preemption. A
cache access resulting in an L1 hit without preemptions can
result in an L1 miss due to the direct preemption effects. The
access thus gets forwarded to the L2 cache only if a preemption
has occurred previously. The additional access to the L2 can
cause further evictions and lead to an even higher delay; this
is the indirect effect.

Chattopadhyay and Roychoudhury [8] developed a method to
compute the CRPD for non-inclusive cache hierarchies using
the standard access classification method [2]. It is unsafe to
use this CRPD value for the more precise hit classification we
have presented in this paper. We will now discuss the necessary
extension to compute a safe CRPD value.

The key difference between the standard approach and the
one presented in this paper is that timing properties of paths are
considered in the classification. This fundamentally challenges
a basic assumption made in many cache analyses: Cache sets
are assumed to operate independently of each other. This is
no longer the case when the classification process is refined
to include time. The timing of an access targeting a cache set
influences the classification of an access to a different cache set.
To safely bound the WCRT, we have to consider this fact in the
CRPD computation. In addition to the CRPD value computed
by [8], we account for the penalty due to timing effects by
assuming that every block reuse path affected by direct or
indirect preemption effects will degrade to a cache miss.

From the classifying data-flow analysis (DFA) in [7], we
can determine how many hit classifications may be impacted
by preemption effects at each program location p from the set
of all program locations P (14). Let CHMC (CHMCstp)
denote the classification of the presented (standard) approach.

CHMC(acc) = Hit A
DF A, [p)(ace) # L A
CHMCsrp(acc) # Hit

LHP(p) = [ acc (14)

LHP(p) is the set of all accesses that may degrade to a cache
miss due to preemption effects for location p. The condition
CHMC(acc) = Hit states that the access is classified as a L2
hit. The condition DF A;,,[p](acc) # L means that the targeted
cache block will not be refreshed prior to its use by acc [7]. A
preemption effect occurring at p may thus cause the access to
miss. We do not need to consider accesses classified as a hit
by the standard method, as their contribution to the CRPD is
already accounted for in [8].

A bound on the number of paths affected per preemption
induced cache miss is given in (15). We take the maximum
number of live hit paths LH P(p) over program points p € P.

LHP,,4; = max |LHP(p)] (15)
peP

We adopt the notation of [8] to group accesses that are
susceptible to preemptions. The sets M (p) and M (p) contain
accesses that are L1 hits in the absence of preemption but
may miss due to a preemption for a program location p. The
preemption itself and all accesses contained in M; and M,
disturb data in the shared cache. Thus, the value M,,,, =
1 4+ maxpep{|Mi(p)| + [M2(p)|} is an upper bound on the
number of disturbances.

Consider three accesses a,b and, ¢ where a is contained in
the reuse path leading to b and the usage of b is contained in
the reuse path for c. Suppose a preemption causes a to miss.
The reuse duration of b is extended and may lead to a miss
for b, which leads to a miss for c. This pattern can continue
for an arbitrary number of accesses. To prevent such a scenario
from happening, we account for the worst-case duration (due
to a miss from a) in the path analysis for b. Thus, it is not
necessary to account for L2 hits that are degraded to L2 misses
due to a preemption, as we can account for such misses in the
worst-case path duration.

The additional CRPD due to more precise access classifica-
tions is given by (16), where Missyo is the L2 miss penalty.

CRPDggd =Mpay - LHPp a0 - Missra (16)

The total CRPD value is then given by the value computed
by [8] plus the additional penalty CRPD,qq.

VII. EVALUATION

We evaluated the performance of the presented approach by
implementing it in a WCET analyzer [16]. The systems consist
of two ARM7TDMI cores with private L1 caches connected via
a round-robin bus to a shared L2 cache. The caches utilize
the LRU replacement policy; L1 caches are direct-mapped
containing 256 bytes; the shared cache is set-associative with
8 ways. A cache block contains 64 bytes. We evaluated shared
cache sizes from 4 KB to 32 KB. The L1-Hit / L2-Hit / L2-
Miss timings are 1/ 10 / 40 cycles. We focused our evaluation
on instruction caches, as the memory layout of the code is
known at compile time. This is not a limitation of the analysis
method. Workloads are taken from the EEMBC AutoBench
1.1 suite [17]. We randomly generated 20 systems with 2 tasks
per core and 20 systems with 4 tasks per core. Task periods
were generated using UUnifast for a target utilization of 0.7
per core. Priorities are assigned according to rate-monotonic
scheduling. The analyses were performed on an Intel Xeon
server containing 48 cores at 3.2 GHz. Each analysis used
only a single processor core. We evaluated three metrics: the
percentage of hit classifications, the WCET, and the WCRT.

Fig. 1 and Fig. 2 show the percentage of accesses classified as
an L2 cache hit for 2 and 4 tasks, respectively. The presented
analysis is shown in blue; the standard analysis is shown in
orange. Almost always, no hit classification was made by the
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Fig. 1. Hit ratio. 2 tasks per core.
The proposed analysis is in blue; the
standard analysis in orange

Fig. 2. Hit ratio. 4 tasks per core.
The proposed analysis is in blue; the
standard analysis in orange

TABLE I
AVERAGE ANALYSIS RESULTS

Tasks Cache WCET Red. WCRT Red. Time Overhead
4 KB 5.1% 6.3% 7.6%

2 8 KB 9.6% 12.0% 8.1x
16 KB 5.3% 6.6% 7.0x

32 KB 1.5% 1.9% 8.0x

4 KB 2.2% 3.4% 7.8%x

4 8 KB 8.5% 11.3% 9.0x
16 KB 11.7% 15.4% 7.4%

32 KB 5.4% 7.5% 7.9%

standard analysis for cache sizes 4 KB — 8 KB for 2 tasks
per core. And no hit classification was made for 4 KB — 16
KB for 4 tasks per core. This is due to the code size of the
interfering tasks; on average 14 KB (27 KB) from the 2 (4)
interfering tasks. As all potential conflicts are considered for
every access, the standard analysis is almost always unable to
make hit classifications in these configurations. For cache sizes
that approach or exceed the code size of the interfering core,
the gap between the two classification approaches shrinks.

The presented analysis increases the average hit ratio by 22.9
/40.6 / 19.6 / 6.4 percentage points (pp) for two tasks per core
and cache sizes 4 KB / 8 KB / 16 KB / 32 KB; for four
tasks per core, it is increased by 11.1 / 35.6 / 47.5 / 22.1 pp.
Table I shows the average analysis results for the different task
set and cache sizes. The column WCET reduction shows the
decrease of the WCET compared to the standard analysis. The
average WCET reduction ranges from 1.5% to 9.6% for two
tasks per core, with the largest reduction at the 8 KB cache
configuration. For larger caches, the difference between the
hit classifications reduces, which results in a smaller WCET
improvement. The lowest average reduction occurred at the
largest cache configuration. This cache is large enough to fit
most of the code from interfering tasks and the analyzed task.
For four tasks per core, WCET reduction ranges from 2.2% to
11.7%. The highest reduction was measured for the 16 KB
cache. The WCRT reduction follows the same trend as the
WCET reduction, while its magnitude is consistently higher.
The highest average WCRT reduction is 12.0% for two tasks
per core, and 15.4% for four tasks per core.

The average analysis runtime for a complete system varies
with the cache size and task set size. It took on average 6.3—
10.6 minutes for two tasks per core and 16.1-30.8 minutes for
4 tasks. The overhead compared to the standard approach of

simply counting the number of conflicting blocks is shown in
the last column of Table I. The overhead ranges between 7.0x—
8.1x (7.4x-9.0x) for 2 (4) tasks. Computing the interference
curves C(+) scaled linearly in the number of tasks. Although
TS grows exponentially in the number of tasks, we did not
observe an increase in the time to compute the interference
curves for 4 tasks compared to 2 tasks per core. Both of these
components are highly parallelizable, which can be leveraged
to reduce the runtime.

VIII. CONCLUSION

We have presented a hit classification for shared caches in
a preemptively scheduled multi-core systems. By modeling the
scheduling decisions in a regular language, we can compute an
event curve for inter-core interference. Additionally, we have
integrated the hit classifications in the CRPD computation to
determine the WCRT of a task. Our evaluation showed signifi-
cant improvements of the cache hit classification percentage,
WCET, and WCRT. In the future the scalability could be
improved and a tighter bound on the CRPD could be developed.
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