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Abstract—Employing COTS components in real-time embedded systems leads to timing challenges. When multiple CPU
cores and DMA peripherals run simultaneously, contention for
access to main memory can greatly increase a task’s WCET. In
this paper, we introduce an analysis methodology that computes
upper bounds to task delay due to memory contention. First, an
arrival curve is derived for each core representing the maximum
memory traffic produced by all tasks executed on it. Arrival
curves are then combined with a representation of the cache
behavior for the task under analysis to generate a delay bound.
Based on the computed delay, we show how tasks can be feasibly
scheduled according to assigned time slots on each core.

I. I NTRODUCTION
Real-time embedded systems are increasingly using
Commercial-Off-The-Shelf (COTS) components in an effort
to raise performance and lower production costs. In particular,
fast multicore CPUs and high-performance DMA peripherals
are required to service demanding applications such as video
processing that are becoming more and more popular in
markets such as avionics. Unfortunately, COTS components
are not designed with timing predictability in mind, which
makes it challenging to integrate them in real-time systems. In
particular, most COTS architectures feature a single-port main
memory that is shared among all CPU cores and peripherals.
When a task suffers a cache miss, contention for access to
main memory can significantly delay cache line fetch and
greatly increase the worst case execution time (WCET) of the
task. We performed an experiment on a standard Intel dual
core platform to understand the severity of this issue (details
are provided in [8]). We engineered a task that continuously
suffers cache misses and measured its WCET while running it
in isolation. We then added to the experiment a second copy of
the task running on the other core and a PCI-E [5] peripheral
using DMA to saturate main memory with write requests, and
measured a WCET increase of 2.96 times for the task.
Solutions to this problem have been presented in the literature. Several works (see [2], [9] for example) have proposed
modifications to either memory arbitration or cache behavior
to improve predictability, typically enforcing some TDMA
scheme; however, such modifications are incompatible with
COTS reuse. A different approach has been used in other
works, such as [11], [6], [7], [10]: they focus on estimating the
maximum delay that a task can suffer in a COTS system due
to memory interference. In particular, in [6], [7] an analytical
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technique was developed to compute an upper delay bound
given a representation of peripheral traffic. Unfortunately, such
technique is only applicable to monoprocessor systems with
a single peripheral bus. The analysis employed in [10] can
compute bounds for multicore systems; however, it assumes
that cache misses can occur anywhere in the task period. As
we will show in Section IV, this can lead to overestimation.
In this paper, we introduce a novel WCET analysis framework that can compute memory delay bounds for systems
comprising any number of cores and any number of peripheral
buses sharing a single main memory. In particular, we provide
two main contributions: (1) we introduce the key idea of
computing a memory traffic arrival curve for each core, given
a set of executed tasks. The arrival curve provides an upper
bound to the amount of memory traffic generated by the
core in any interval of time. (2) We describe an innovative
algorithm that computes a delay bound for a task given traffic
curves for all other cores and peripheral buses in the system.
The algorithm is able to distinguish the behavior of DMA
peripherals, whose traffic is buffered, from the behavior of
CPU cores, which stall on cache misses.
The rest of the paper is organized as follows. In Section II
we detail our system model. In Section III we describe how to
derive arrival curves for cores, while in Section IV we introduce our delay algorithm. In Section V we show simulation
results. Finally, in Section VI we provide concluding remarks.
II. S YSTEM M ODEL
We consider a COTS system comprising multiple processing
cores implemented on CPU dies. Each processing core P Ei
can employ one or more cache levels, but caches are private
and not shared with other cores. Execution is stalled whenever
a core suffers a cache miss, e.g. cores do not employ mechanisms such as HyperThreading. Processing cores execute
periodic tasks. Tasks are not allowed to migrate and task
schedules on different cores are asynchronous. Scheduling
follows a restrictive preemption model: the control flow graph
for each task τi is divided into a series of Si sequential
superblocks {si,1 , . . . , si,Si }. Each superblock can include
branches and loops, but superblocks must be executed in
sequence. Multiple tasks executed on the same processing core
are scheduled according to fixed time slots, with a given set of
superblocks assigned to each slot. For the sake of simplicity,
we first assume that the set of superblocks assigned to each
time slot is known and that cache is invalidated before the
start of the time slot. In Section IV-A we show how to use
our delay analysis to compute the static task schedule.
task τi is characterized by a cache profile cprof
=
i
 Each
min
L
U
min
max
µi,j , µmax
i,j , execi,j , execi,j . µi,j , µi,j are the minimum
and maximum number of access requests to main memory
(cache fetches and write-backs; in [8] we show how to handle
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on the same core. Arrival curves are later used in Section IV
to compute a delay bound for the task under analysis. Note
that when computing the arrival curve for a core, we do not
consider the interference caused by other flows on it. As shown
in Section IV, this is because each atomic operation of the task
under analysis can be delayed for its worst case amount while
the interfering cores themselves suffer no delay.
Deriving arrival curves involves (1) computing all possible sequences of subsequent superblocks, (2) computing the
feasible time windows for each sequence, (3) computing the
minimal and maximal number of cache misses for each time
window and (4) constructing the arrival curves accordingly.

Analysis Methodology.

si,j . execL
i,j

execU
i,j

are lower
and
write buffers) in superblock
and upper bounds on computation time for superblock si,j
assuming that access requests are completed instantaneously,
e.g. they are the times required to execute the instructions
in the superblock with no cache misses. Methodologies to
compute the cache profile using either experimental measures
or static analysis are discussed in [6]. Note that our model
implicitly assumes that if the CPU fetch unit is delayed ∆
time units in a superblock, its computation time increases by at
most ∆. Therefore, we shall either assume a CPU architecture
where execution time and communication time are decoupled
[13] or that the effect of all timing anomalies can be captured
in (pessimistic) bounds provided by static analysis.
Peripherals are connected to the system through dedicated
interconnections such as the Peripheral Component Interconnect (PCI) [5]. Before reaching main memory, peripheral requests are typically buffered in the interconnection. Therefore,
all peripheral requests coming from the same interconnection
are aggregated (see [4] for details) into a single buffered flow
αi∗ (t): for any interval of length t, αi∗ (t) is the maximum
amount of time required by the aggregated peripheral to
perform DMA operations in main memory. Each core P Ei
is characterized by a parameter Ci , which is the time interval
(assumed to be fixed) needed to service a memory request.
Furthermore, for each buffered flow and processing core we
define an arbitration parameter Li , which is the maximum
duration of an atomic operation in main memory. For core
P Ei , Ci is an integer multiple of Li .
Our analysis methodology uses two successive steps, as
shown in Figure 1 for a system with two peripheral interconnections. (1) For each core P Ei , we use the technique
in Section III to obtain an unbuffered flow with arrival curve
αi (t): for any interval of length t, αi (t) is the maximum
amount of time required by tasks running on P Ei to perform
operations in main memory. αi (t) is computed based on the
cache profiles of all tasks executed on P Ei . (2) For each task
τi , we use the algorithm in Section IV to compute an upper
delay bound. The bound is based on the cache profile cprof
,
i
all peripheral buffered flows and the unbuffered flows for all
cores except the one that executes the task under analysis.
III. C OMPUTING A RRIVAL C URVES
We specify the interference caused by a task τi to other
tasks in the system as an arrival curve [12] by considering
the superblocks of task τi and their respective bounds on execution time and accesses to the shared resource. We initially
consider each task in isolation, assuming that no other system
component accesses main memory; in Section III-B, we then
show how to derive an arrival curve for multiple tasks executed

A. Single Task per Processing Element
In this section we introduce our approach to represent a
tasks accesses to a shared resource as arrival curve, assuming
a single periodic task per processing element.
1) Computing sequences of super-blocks: Based on the
of task τi , we can derive time windows
parameters cprof
i
for which the minimal and maximal number of accesses to
a shared resource are known. The time windows can be
computed from the set of all possible sequences of subsequent superblocks, i.e., the sequence set. As an example, let τ1 = {s1,1 , s1,2 } then the sequence set is ∗τ1 =
{{s1,1 }, {s1,2 }, {s1,1 , s1,2 }}.
In order to account for the transition phase between succeeding periods of a task, we consider two subsequent instances
of a task for the arrival curve derivation. Therefore we specify
τi0 = {τi τi }, such that τi0 = {si,1 . . . si,Si , si,1 . . . si,Si } and
∗τi0 is the corresponding sequence set. Element t0m,d ∈ ∗τ 0
is described by the offset m, representing the index of its
first superblock from τ 0 and d, representing the number of
superblocks considered, such that:
t0m,d = {si,m , . . . , si,m+d } ∀d ∈ [0 . . . Si −1], ∀m ∈ [1 . . . Si ]. (1)

2) Computing time windows: Each element t0m,d ∈ ∗τi0
results in four different time windows, considering all combinations of minimal and maximal execution times and accesses
to the shared resource respectively. Two of these time windows
represent the worst case, i.e., they represent the maximal
number of accesses for the shortest time windows. The time
windows ∆ and their corresponding number of accesses to the
shared resource γ are represented as tuples t̂ =< γ, ∆ > and
we show how to compute them in Section III-A3. Accesses
to the shared resource can happen at any time during a
superblocks execution. In other words, for the first and last
super-block in a sequence t0m,d , the accesses to the shared
resource happen at the end and at the beginning respectively.
As a result, the first and last super-blocks’ execution times
execi,j are not considered for the representative time windows
but their accesses to the shared resource are considered.
Consider Fig. 2 for an example how to compute time
windows. In the first example, denoted 1 super-block,
the time window computes as zero, meaning that accesses
to the shared resource occur concurrently at one instant of
time. For example 2 super-blocks, the time window ∆
computes as the time required to process the first superblocks accesses, while the number of accesses γ computes
as the sum of both superblocks’ accesses. Execution times
are not considered for the time window, since in the worst
case the actual computation is performed before and after
the first and second superblock respectively. The first superblocks accesses to the shared resource are processed before the

second superblock is activated, specifying the time window.
In other words, we arrange accesses to the shared resource in
subsequent superblocks such that the resulting time window is
minimized, thus maximizing the interference onto other tasks.
Computing the time window for elements t0m,d , whose
superblock sequence spans over the period, needs to consider
the gap g between the last superblock of a task and its period.
Example 4 super-blocks in Fig. 2 illustrates such a case.
Minimizing the gap, and deductively the time window, is done
by assuming the maximal execution time execU
i,j and number
for superblocks not included in t0m,d .
of accesses µmax
i,j
g(e, r)

X

pi −

=

max
execU
· Ci
i,j + µi,j

(2)

∀si,j ∈τi \(τi ∩t0m,d )

X

−

execei,j

+

µri,j

· Ci ,

∀si,j ∈τi ∩t0m,d

where e and r denote the actual values for execution time and
accesses to the shared resource, e.g., e = U and r = min.

s1,1

s1,2

e

1,1 µ1,1 · C1 µ1,2 · C1

s1,1

g

e1,2

µ1,1 · C1

e1,1

s1,2
µ1,2 · C1

e1,2

p

1 super-block

2 super-blocks
4 super-blocks

relevant time-window

Fig. 2. Computing time windows for sequences of 1, 2 and 4 super-blocks
including the gap between periods.

3) Computing the cache misses for each time window:
Time windows ∆ and the corresponding number of accesses
to the shared resource γ for an element t0m,d are computed
in Equations 3 and 4. Based on these values, the tuples for
element t0m,d ∈ ∗τ 0 are computed in Equations 5 to 6.
γ min

=

m+d
X

µmin
i,j

∆

=

m+d−1
X

execL
i,j

+

m+d−1
X

L

L

t̂min
=< γ min ; ∆min + g(L, min) >
m,d
=< γ

max

; ∆

maxL

+ g(L, max) >

∆

(6)

γ min
L

∆max

t

max
= execL
i,j + µ1,1 · C1

min
γ
= µmin
1,1 + µ1,2
max
γ max = µmax
+
µ
1,1
1,2
min

L

(8)

The computational complexity to obtain the overall arrival
curves is O(Si2 ). Following the previous computation we
derive Lemma 1.
Lemma 1: Deriving alpha curve α̂i (∆) by Equation 8 is the
upper bound of accesses to a shared resource by task τi for
any time window ∆.
Arrival curve αi (t) represents the maximum amount of time a
task τi requires to perform its accesses to the shared resource
in a time window of length t and is obtained as αi (t) =
α̂i (t) · Ci .
B. Multiple Tasks per Processing Element
In this section we show how to extend the previously
shown approach to multiple tasks executing on each processing
element. Consider a set of periodic tasks T = {τ1 . . . τN }
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(5)

min
∆min = execL
i,j + µ1,1 · C1
maxL

(7)

8
α̃i (∆)
>
(
) 0≤∆≤p
>
>
>
P max
<
ei (∆), α̃i (∆ − pi ) +
(µi,j )
pi ≤ ∆ ≤ 2p
α̂i (∆) = max α
∀j
>
>
P max
>
>
ei (∆ − k · pi ) + k
(µi,j )
otherwise
:α

(4)

Equation 5 can be transformed into the tuple computed
max
with Equation 6 by simply increasing µmin
i,j to µi,j . In other
words, they show a linear relation, since the time required
to process an access is constant. For any number of accesses
within the range of the tuples computed in Equations 5 and 6,
we can therefore compute a safe upper bound to the number
of accesses performed in the corresponding time window by
linear approximation, see Fig. 3.
γ max

ν(t̂m,d ).

We construct the infinite curves α̂i as an initial aperiodic
part, that is represented by α
ei and a periodic part which is
repeated k-times for k ∈ N.

Slot 1

· Ci

argmax
∀t̂m,d ;δ(t̂m,d )=∆

τ1
µmin
i,j

j=m

j=m+1

L
t̂max
m,d

α̃i (∆) =

(3)

j=m
minL

4) Deriving arrival curves: Retrieving the minimal and
maximal number of accesses to the shared resource for every
time interval ∆ = {0 . . . 2pi } from the computed tuples and
linear approximations allows to compute the arrival curve.
Consider the function δ(t̂) to return the length of the time
window and ν(t̂) to return the number of cache misses for
each tuple, then the upper arrival curve α̃i can be obtained as:

Fig. 3. Linear approximation between minimum and maximum number of
accesses to the shared resource for a single super-block

scheduled statically, e.g., a static time slot assignment as in
Fig. 4. Then we can compute a sequence of all superblocks
that constitute tasks in T as:
σ = {s1,1 . . . s1,S1 , s2,1 . . . s2,S2 . . . sN,1 . . . sN,SN }

(9)

Based on σ the sequence set ∗σ is derived, as shown in
Section III-A1. We define σ 0 = {σ σ} and compute the
sequence set ∗σ 0 such that t0m,d ∈ ∗σ 0 , resulting in two periods
of the static time wheel being considered.
Time windows are computed from the sequence set ∗σ 0
following the concept presented for a single task per processing element. We compute the maximal and minimal time
windows for any possible sequence of subsequent superblocks
in ∗σ 0 and count the corresponding minimal and maximal
number of accesses to the shared resource respectively. Elements t0m,d ∈ ∗σ 0 contain superblocks from different statically
scheduled tasks and therefore the gap between each tasks’ last
superblock and its period has to be considered. Similarly to
the gap g for the single task approach, minimizing the gap
results in the worst case.

Equation 2 can be rewritten to compute the gap for a
sequence of superblocks, by maximizing all the superblocks
that are not considered by element t0m,d :
g(e, r)

X

=

∀τi ∈t0
m,d

−

pi −

U

X

max

execi,j + µi,j

∀si,j ∈σ\(σ∩t0
)
m,d

X
∀si,j ∈σ∩t0
m,d

e

· Ci (10)
!
!

IV. D ELAY A NALYSIS
In this section, we initially compute the worst case delay for
the task under analysis assuming that it runs in isolation on its
assigned processing core. In Section IV-A, we will cover how
superblocks can be assigned to fixed timeslices. To simplify
notation, we drop the subscript denoting the number of the task
under analysis and use cprof as its cache profile, {s1 , . . . , sS }
as its superblocks and C, L as the parameters for its core. We
also use i ∈ F in place of αi ∈ F or αi∗ ∈ F . Let Dj,k
be the maximum delay suffered by the task in superblocks
{sj , . . . , sk }; the overall task delay is equal to D1,S . The
analysis is based on the following main idea: we first compute
an upper bound U bj,k to the maximum delay Dj,k for all
j, k : 1 ≤ j ≤ k ≤ S, meaning Dj,k ≤ U bj,k . We then
progressively decrease the bound by taking the intersection of
multiple such constraints. Due to space limitations, proofs for
this section are available in [8].
Since multiple flows contend with the task under analysis
for access to main memory, we divide the delay contribution
i
among all interfering flows: we use Dj,k
to denote the maximum total delay caused by flow αi (or αi∗ ) on all operations in
superblocks {sj , . . . , sk } and U bij,k for its upper bound. We
can then obtain U bj,k as follows:
U bij,k .

(11)

i∈F

Delay bound derivation depends on the memory arbitration
scheme. In details, we assume that arbitration among the task
under analysis and other unbuffered flows follows either a
Round-Robin (RR) or First-Come-First-Served (FCFS) policy,
while arbitration among those and buffered flows follows
either RR, FCFS or Fixed-Priority (FP) with buffered flows
being assigned lowest priority; this is a common optimization
in system controllers for embedded systems, see [3]. Arbitration effects are captured by the following lemma.
Lemma 2: Under RR arbitration (or FP for unbuffered flows
with lowest priority), each atomic memory operation of the
task under analysis can be delayed by flow αi (or αi∗ ) for
at most Li . Under FCFS arbitration, an unbuffered flow can
delay each atomic operation for at most Ci , while a buffered
flow can delay it for at most bi , where bi is the maximum time
required to service the backlog (buffered data) of the flow.
Note that in a superblock sj , the number of atomic memory
operations performed by the task under analysis is at most
C
µmax
j
L . We can capture the arbitration property expressed by
Lemma 2 introducing a blocking function Bji .
Bji

8 max C
< µj L Li
≡
µmax C
C
L i
: jmax C
µj L b i

t

r

The tuples can now be computed as shown in Equations 5
to 6 and based on them the arrival curve can be derived as
shown in Sections III-A3 and III-A4.

X

! i (t )

"

execi,j + µi,j · Ci .

U bj,k =

! i (t )

#

for RR and FP
for FCFS, unbuffered flow
for FCFS, buffered flow

(12)

We can then express a first upper delay bound as follows:
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Derivation of Delay Curve ᾱi .

Lemma 3: Blocking Delay Bound: For each flow and superblocks {sj , . . . , sk }:
i
Dj,k
≤

k
X

Bpi

(13)

p=j

The bound expressed by Lemma 3 is not tight, because
each flow might not produce enough traffic to cause maximum
delay to the task under analysis. We can refine the bound by
expressing a condition on the amount of service time required
by each flow in superblocks {sj , . . . , sk }. For simplicity, let
Pk
U
U
max
C), e.g. ∆max
∆max
≡ p=j (execU
is the WCET
p + µp
j,k
j,k
of superblocks {sj , . . . , sk } assuming no flow interference.
Lemma 4: Consider a flow αi , and let U bj,k be an upper
bound to the total delay suffered by the task under analysis in
superblocks {sj , . . . , sk }. Then:

i
maxU
Dj,k ≤ αi ∆j,k

− C + U bj,k

(14)

The C term in Equation 14 captures the constraint that the
last memory operation must arrive at least C time units before
the end of sk . Lemma 4 holds for unbuffered flows because
αi (t00 −t0 ) represents the maximum amount of service received
in any interval [t0 , t00 ]. However, the same assumption is not
true for a buffered flow, since at time t0 there can be additional
buffered data, hence the total amount of service time required
in [t0 , t00 ] can be greater than αi (t00 − t0 ). In [7], it is shown
that the problem can be solved by replacing each buffered
flow arrival curve αi∗ (t) with a new arrival curve αi (t) =
αi∗ (t) + bi , where bi is the maximum time required to service
the backlog as previously defined. Lemma 4, as well as the
remaining theorems in this section, can then be applied to
both unbuffered and buffered flows using arrival curve αi .
The computation of bi in our model is a simple application of
Network Calculus [1] which we detail in [8].
There is a remaining issue. Based on Equation 11, the U bj,k
term in Lemma 4 depends on the delay bound U bij,k for flow
αi , but in turn we would like to compute U bij,k based on the
i
delay bound for Dj,k
provided by Lemma 4. To solve this
mutual dependency problem, we introduce a new traffic delay
curve ᾱi (t):
ᾱi (t) ≡ max{∆|∆ = αi (t + ∆)}.

(15)

A graphical representation of the traffic delay curve is shown
in Figure 5 for a simple arrival curve αi . Intuitively, ᾱi (t) is
the ordinate of the intersection of αi (x) with the line x − t
(where t is fixed and x varies). We can then obtain U bij,k
according to the following lemma.
Lemma 5: Traffic Delay Bound: Consider flow αi , and let
P
(i)
U bj,k ≡ p∈F,p6=i U bpj,k be an upper bound to the total delay
in superblocks {sj , . . . , sk } caused to the task under analysis
by all flows except flow αi . Then:

(i)
i
maxU
U bj,k = ᾱi ∆j,k

− C + U bj,k

(16)

i
is a valid upper bound to Dj,k
.
An improved bound U bj,k can be obtained by taking the
minimum over Lemmas 3, 5; however, such a bound is still
fairly pessimistic. Note that since Dj,k is the maximum delay
for superblocks {sj , . . . , sk }, it must hold: Dj,k ≤ Dj,q +
Dq+1,k for all q : j ≤ q < k. We can therefore refine the
bound on Dj,k by considering the minimum between U bj,k
and U bj,q +U bq+1,k . As an example, consider a task with three
U
U
U
= 11, L =
superblocks, ∆max
= 11, ∆max
= 29, ∆max
1,1
2,2
3,3
2
C = 1, and a single flow with ᾱ1 (t) = 5 t, B11 = 9, B21 =
2, B31 = 9. Then by computing U b1,1 +U b2,2 +U b3,3 we obtain
a delay bound of ᾱ1 (10)+B21 + ᾱ1 (10) = 10, while computing
U b1,3 yields B11 + B21 + B31 = ᾱ1 (11 + 29 + 11 − 1) = 20.
The example shows that to obtain a better bound on Dj,k ,
multiple subintervals might need to be analyzed, but the
number of possible sets of subintervals is exponential in k −j.
Luckily, as it was shown in [6] for a single flow αi , there is no
need to analyze an exponential number of subinterval: rather,
it is possible to use an algorithm that only analyzes a quadratic
number of subintervals. The main idea is to compute a delay
term ui,j
k for each superblock sk by iteratively checking all
superblocks in {sj , . . . , sk }. The algorithm iterates over j, k,
Pk
obtaining at each iteration a bound U bij,k = p=j ui,j
p , which
i,j
uses the newly computed uk term. More in details, ui,j
k is
computed based on the blocking term Bki , the delay terms
i,j
ui,j
j , . . . , uk−1 and the traffic delay bound of Lemma 5 for
each subinterval {sq , . . . , sk } with j ≤ q ≤ k. By computing
a delay term ui,j
k for each interfering flow i, the described main
idea allows us to produce a tighter bound than Lemmas 3, 5.
However, handling multiple flows has an added complexity:
when at iteration j, k we compute the traffic delay bound for
flow αi in any subinterval {sq , . . . , sk } according to Lemma
(i)
5, we must know the maximum delay U bq,k caused by other
flows in that subinterval. The problem can be solved using a
dynamic programming approach: instead ofPiterating over j, k,
we first compute delay bounds U bj,j = i∈F U bij,j for all
j : 1 ≤ j ≤ S, then we compute a delay bound U bj,j+1 for all
j : 1 ≤ j < S, then U bj,j+2 and so on and so forth. As shown
in Algorithm 1, this is done by iterating over variables d, j,
obtaining at each step delay bounds U bij,j+d , with k = j + d.
Delay term ui,j
k is computed in Equation 20 as the minimum
of three delay terms: (1) term Bki for the blocking delay
bound of Lemma 3; (2) the minimum over all subinterval
{sq , . . . , sk }, with j + 1 ≤ q ≤ k, for the traffic delay bound
of Lemma 5 (the case of q = j is covered in the third term).
Assume that this term becomes minimum among all three
terms for a specific choice of q. Then Equation 20 can be
rewritten as:
k−1
X
p=q

i,j
ui,j
p + uk =

k
X

U

(i)

max
ui,j
− C + U bq,k ),
p = ᾱi (∆q,k

(17)

p=q

where following Lemma 5, the rightmost part is an upper
i
bound to Dq,k
. Note that since q ≥ j + 1, it holds k − q < d,
(i)
thus the U bq,k values have already been computed by the
algorithm. Also note that for d = 0, j = k and there is
no valid value for q, so the term is ignored altogether. (3)
The traffic delay bound for superblocks {sj , . . . , sk }. This
is a special case of the second term for q = j: in the
P
(i)
(i)
equation, U bj,k−1 + p∈F,p6=i up,j
= U bj,k , but we can
k
(i)
not directly use U bj,k because the up,j
values need to be
k

computed together with ui,j
k . Hence, we actually need to
solve a system of equations computing values ui,j
k for all
i ∈ F simultaneously. Finally, Lines 5-6 are used to update
all delay bounds. The algorithm complexity is dominated by
the complexity of solving the system of Equation 20, which
must be done O(S 2 ) times. A discussion of how the system
can be solved is provided in Section IV-B. The correctness of
Algorithm 1 is formally proven in [8] together with an in-depth
discussion of its complexity.
A. Multitasking
The analysis of Section IV can be easily extended to
a multitasking scenario where tasks are assigned to fixed
timeslices. In [7], an algorithm is introduced to compute the
minimum number of time slots of fixed length T that must
be assigned to the task under analysis. The algorithm works
by iterating over superblock sk , 1 ≤ k ≤ S: at each step,
the algorithm tries to fit sk in the current time slot based on
its WCET and computed upper delay bound. If there is not
enough time left, sk is assigned to a new time slot and the
cache profile for sk and subsequent superblocks is modified
assuming that the cache is invalid at the start of sk . The
algorithm can be used in our model substituting the delay
analysis of [7] with our new delay analysis for multiple flows.
B. Solving the Delay System
In this section, we detail how to solve the system of
Equation 20. Due to the third term in Equation 20, each ui,j
k
value depends on all other up,j
values, which must thus be
k
computed at the same step. We can obtain a solution for all
ui,j
k terms using a recurrence: the idea is to start from a vector
i,j
i,j
of values (u1,j
k (0), . . . , uk (0), . . .), where ∀i ∈ F, uk (0) ≥
i,j
uk . At each step of the recurrence we then compute a new
i,j
vector (u1,j
k (c + 1), . . . , uk (c + 1), . . .) based on the previous
1,j
i,j
vector (uk (c), . . . , uk (c), . . .) and we show that the series
i,j
converges to a fixed point that is equal to (u1,j
k , . . . , uk , . . .),
e.g. it is the only solution to Equation 20.
The series is defined as follows:
“
(0)
=
min
Bki ,
ui,j
k
min

q:j+1≤q≤k

˘

(18)

`
U
(i) ´
ᾱi ∆max
− C + U bq,k −
q,k

k−1
X

ui,j
p

¯”

,

p=q

“
i,j
ui,j
k (c + 1) = min uk (c),
`
U
(i)
ᾱi ∆max
− C + U bj,k−1 +
j,k

(19)
X
p∈F,p6=i

´
up,j
k (c) −

k−1
X

”
ui,j
;
p

p=j

intuitively, we compute the initial elements as the minimum
of terms (1) and (2) in Equation 20, while each successive
(i)
element is based on term (3). Note that the U bj,k−1 and ui,j
p
values are not part of the recurrence because they have already
been computed in Algorithm 1 at a previous step. In [8] we
formally prove the correctness of the recurrence.
V. S IMULATIONS
We performed extensive simulations to understand how the
delay bound varies as a function of task parameters and
how fast the delay iteration of Section IV-B converges. In
particular, we decided to simulate a quad-core system with RR
arbitration, C = L and one task for each core with S = 10
superblocks. Tasks are synthetically generated according to

Algorithm 1 Compute {U bj,k }

1: for d = 0 . . . S − 1 do
2:
for j = 1 . . . S − d do
3:
k := j + d
4:
solve the following system of equations ∀i ∈ F :

1.5

“
i
ui,j
k = min Bk ,
min

q:j+1≤q≤k

˘

(20)

`
U
(i) ´
− C + U bq,k −
ᾱi ∆max
q,k

`
U
(i)
ᾱi ∆max
− C + U bj,k−1 +
j,k

k−1
X

´
up,j
k

¯
,
ui,j
p

−

p∈F,p6=i

k−1
X

1
0.75
0.5
0.25
0
0.4

p=q

X

delay ratio

1.25

0.3

ui,j
p

”

p=j

P
5:
∀i ∈ F : U bij,k := kp=j ui,j
p
P
(i)
6:
∀i ∈ F : U bj,k := p∈F,p6=i U bpj,k
P
i
7: return {U bj,k :=
i∈F U bj,k }

three parameters σ, β and α. For each task and superblock, we
first generate execU
i,j according to a uniform distribution with
mean 100C and coefficient of variation σ. We then generate
a cache
stall ratio for the superblock, defined as the ratio
µmax
i,j C
, according to a uniform distribution with mean
U
max
execi,j +µi,j C
β and coefficient of variation σ and compute µmax
accordi,j
U
min
max
ingly. Finally, we set execL
i,j = α execi,j , µi,j = α µi,j
maxU
and we set the period to pi = ∆1,Si . In this section, we
show a significant subset of the simulations; complete results
are provided in [8].
Figure 6 shows results in terms of the ratio between the
U
computed upper delay bound U b1,Si and the WCET ∆max
1,Si
for the task executed on the first core. In the figure, we fix
α = 0.8, σ = 0.2 and vary the cache stall parameter β in
[0, 0.4] for the task under analysis and in [0, 0.2] for the other
three interfering tasks. Each point in the graph is computed as
the average over 100 runs; each run, which involves generating
the tasks, computing arrival curves and applying Algorithm 1
took less than a second on a modern PC.
Note that the delay ratio increases almost linearly with the
stall ratio for the interfering tasks, until it saturates at roughly
three times the stall ratio for the task under analysis (for
example, for β = 0.4 the graph saturates at a value slightly
higher than 1.2). This is expected: at a certain point, the
memory traffic generated by each interfering core becomes so
high that the delay computed by Algorithm 1 is dominated by
the blocking factor Bji , which does not depend on flow traffic.
Also note that a stall ratio of 0.2 for the interfering tasks is
enough to cause delay saturation for a task under analysis
with stall ratio of 0.4. This is mainly because Algorithm 1
must take into account the mutual effect of multiple flows; the
delay caused by one flow can ”stretch” a superblock allowing
more interfering traffic from other flows. Finally, the series
defined by Equations 18, 19 converged in at most 7 steps in all
simulations. This is because the delay functions ᾱi (t) obtained
from the arrival curves computed in Section III resemble step
functions; when step functions are used in the series, at least
one element ui,j
k (c + 1) decreases by the size of one ”step” at
each iteration; this in turn causes quick convergence.
VI. C ONCLUSIONS AND F UTURE W ORK
In a COTS system comprising multiple CPU cores and
DMA peripherals, contention for access to main memory

0.2
0.15

0.2
cache stall ratio,
task under analysis

Fig. 6.

0.1

0.1

0.05
0

0

cache stall ratio,
interfering tasks

Delay ratio, σ = 0.2, α = 0.8.

can significantly increase a task’s WCET. In this paper, we
have introduced a new analysis methodology that computes
upper bounds to the contention delay suffered by each task.
In particular, our analysis is able to abstract each interfering
core into an arrival curve which can then be combined with
peripheral traffic to yield a delay bound for the task under
analysis. The methodology is applicable to a variety of COTS
arbitration schemes and cache parameters.
As future work, we plan to extend the analysis to cover more
general cache architectures, in particular cache levels shared
among a subset of cores. Furthermore, we will investigate how
to apply the analysis to dynamic real-time schedulers such as
rate-monotonic and earliest-deadline-first.
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