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Abstract. Multi-core architectures may meet the increasing perfor-
mance requirement of real-time systems. However, it is harder to compute
the WCET estimation in multi-core platforms due to inter-task interfer-
ence that tasks suffer when accessing shared hardware resources. In this
paper, we propose a finer grained approach to analyze the inter-task
interference for multi-core platforms with the TDMA policy and bank-
column cache partitioning, and our approach can reasonably estimate
inter-task interference delays. Moreover, we make bank-to-core mapping
to optimize the interference delays, and develop an algorithm for find-
ing the best bank-to-core mapping. The experimental results show that
our interference analysis approach can improve the tightness of inter-
ference delays by 14.68% on average compared to Upper Bound Delay
(UBD) approach, and the optimized bank-to-core mapping can achieve
the WCET improvement by 9.27% on average.

Keywords: Bank conflict · Multicore system · Worst case execution
time

1 Introduction

The increasing demand for new functionality in real-time embedded system is
driving an increment in the performance requirement of embedded processors.
Multi-core processors are believed to be one of major solutions for real-time
embedded systems [1–3], since they can provide high performance with low cost
and relatively simple design [17]. However, applying multi-cores for real-time sys-
tem is difficult due to inter-task interference accessing hardware shared resources
[4]. These interferences complicate the behavior of a system, resulting in diffi-
culties for performing a tight worst case execution time(WCET) analysis for a
given task.

Previous solutions [5–9] have been focusing on the effect of inter-task inter-
ference caused by on-chip shared resources. For example Chattopadhyay et al. [5]
employed the maximum bus access delay to estimate WCET according to exe-
cution contexts instead of aligning each loop head execution to the first TDMA
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slot. In [8], the authors improved the treatment of loop structures. Kelter et al.
[9] improved analysis efficiency via bounding the upper bound of TDMA offsets.
However, these researches mainly concentrated on the bus access interference
and cache storage interference, and ignored the effect of bank conflict on the
WCET estimation. In multi-core architecture, the shared cache usually consists
of multiple banks that can be accessed in parallel, i.e., different cache requests
can access different banks simultaneously. A bank can only handle one cache
request at a time, when two or more cache requests try to access the same bank
at the same time, the bank conflict takes place. The bank conflict brings extra
execution time for the task, and its influence on WCET estimation has to be
taken into account for ensuring safety of WCET. To the best of our knowledge,
only Paolieri et al’s work [12] and Yoon et al’s work [13] considered bank conflict
for WCET estimation. But they all employed the Upper Bound Delay(UBD)
method to estimate the interference delay, in which a potential maximum delay
(i.e., upper bound delay) that each cache request suffers is bounded, then, this
delay is added to each request during WCET analysis. However, not all requests
can suffer from bank conflict, even though bank conflicts occur among a group of
requests, the delay of bank conflict suffered by each request is different. There-
fore, this method causes pessimistic WCET.

The goal of this paper is to minimize the bank conflict delay and obtain
the tighter WCET estimation for embedded multicore systems with TDMA pol-
icy. We make the following major contributions. (1) We propose a finer-grained
approach to analyze bank conflict and bus access interference based on request
timing, which can improve the tightness of interference delays. (2) We make
bank mapping to optimize conflict delays, and develop an algorithm for finding
the best bank mapping according to the queue of cores, such that the effect of
inter-core bank conflict on the WCET estimation is minimized.

The rest of the paper is organized as follows. Section 2 describes the system
model. The bank conflict analysis is described in Sect. 3. Section 4 presents the
optimization algorithm of bank mapping, and experimental results are provided
in Sect. 5. The conclusion is presented in Sect. 6.

2 System Model

2.1 Embedded Multi-core Architecture

We consider an embedded multi-core architecture consisting of Ncore homo-
geneous core, C = {C1, C2, · · · , C(Ncore)}. Each core has its own private L1
instruction cache and L1 data cache. All the cores share an L2 combined cache
B which is partitioned into Nbank banks {B1, B2, · · · , B(Nbank)}, and each bank
is subdivided into Ncolumn columns. Bank access latency is LM cycles (same for
read/write operations for all banks). The real-time shared bus connecting cores
and the shared L2 cache adopts TDMA policy and full-duplex as assumed by
[12]. Every bus round has Lround equal time slots, R = {S1, S2, · · · , S(Lround)}.
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The length of one slot is LB cycles, which is equal to the time of the bus com-
pleting one request. The core-to-slot mapping is one-to-one mapping, i.e., the
Ci(∈ C) is mapped to Si(∈ R). In addition, the penalty of L2 cache miss is
L2penalty cycles.

2.2 Task Model

A hard real-time set comprises multiple independent hard real-time tasks(HRTs).
All HRTs are partitioned to Ncore cores in advance. The tasks allocated to
the same core are executed sequentially and task migration is not allowed.
In multicore systems, multiple tasks can be executed simultaneously in dif-
ferent cores. Let Γsim be the set of HRTs mapped to core Ci(∈ C), HTi =
{HRT1,HRT2, · · · ,HRTni

}, ni be the number of the HRTs in HTi, and the
demanded L2 cache of HRTi(∈ HTi) be sizeHRTj

columns. Thus, the demanded
L2 cache size of Ci is sizeCi

= max(sizeHRTj
|1 ≤ j ≤ nj) columns.

3 Bank Conflict Delay Analysis

In this section, we analyze the bank conflict delay suffered by a HRT. Assuming
that m(≤ Ncore) cores {C1, C2, · · · , Cm} sharing one bank try to access the bank
in the lth bus round, and they do not miss their own bus slots. The value of
Ci(1 ≤ i ≤ m) is the index of the corresponding bus slot. Let bcdij , i �= 1, be the
bank conflict delay suffered by HRT running on Ci in the lth bus round shown
in Fig. 1, which can be expressed by formulation (2).

bcdij = Max{bcd(i−1)j + LM − (Ci − Ci−1) · LB , 0} (1)

In formulation (1), the bcd(i−1)j denotes the bank conflict delay suffered by
the HRT in lth − 1 bus round. If i = 1 and l = 1, bcd11 = 0, otherwise, the bcd1l

can be computed by formulation (2). In formulation (2), Cpre denotes the prede-
cessor core of C1 and bcdpre k be the bank conflict delay suffered by the HRT
running on Cpre in the kth bus round, which are shown in Fig. 2

bcdij = Max{bcdpre k+(j−k−1) ·Ncore ·LB −(Ncore−(Ncore−C1) ·LB , 0} (2)

Fig. 1. The bank conflict delay suffered by HRT running on Ci in the lth bus round
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Fig. 2. The bank conflict delay suffered by C1 in the lth bus round

The formulation (2) can be simplified as formulation (3):

bcdij = Max{bcdpre k + LM + (j − k) · Ncore · LB − (Cpre − C1) · LB , 0} (3)

In formulation (3), the bank conflict delay suffered by C1 is transferred from
the precious bus round, which is the initial bank conflict delay of the shared
bank in the current bus round. There are two factors to affect the initial bank
conflict delay, i.e., the number of requests to access bank Bi in one bus round
and the distribution of the corresponding slots. A bus round can contain at most⌊
Lround·LB

LM

⌋
requests without any bank access conflict, for one L2 cache access

needs be at least LM cycles. Let N i
c b be the number of cores sharing bank Bi. In

the worst case, the total requests in one bus round to access one bank is N i
c b. If

N i
c b>

⌊
Lround·LB

LM

⌋
and N i

c b · LM>Lround · LB , the total time of access L2 cache
is greater than the length of a bus round, and the initial bank conflict delay in
the following bus round is N i

c b · LM − Lround · LB cycles.
In addition, the distribution of the corresponding slots affect the initial bank

conflict delay in the following bus round even. The initial bank conflict delay
cannot be propagated across bus rounds if N i

c b ≤
⌊
Lround·LB

LM

⌋
. Otherwise, the

initial bank conflict delay cannot be transmitted in bus rounds if more than⌊
Lround·LB

LM

⌋
cores have requests to access L2 cache in several sequent bus rounds.

In this paper, we define transferred bank conflict delay of one bank in one bus
round as the initial bank conflict delay of the bank in the bus round if the initial
bank conflict delay can be propagated across bus rounds.

Transferred bank conflict delay brings more negative impact to the pre-
dictability of the hard real-time multi-core system for it can be propagated
across bus rounds. In order to minimize the bank conflict delay on one bank,
the number of cores sharing one bank need be less than or equal to

⌊
Lround·LB

LM

⌋

to guarantee no transferred bank conflict delay. If not, the number of the cores
shared one bank is minimum to decrease transferred bank conflict delay.
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4 Optimizing Bank-to-core Mapping

In this section, we present bank-to-core mapping to reduce bank conflict, and
design an algorithm for this optimization problem.

4.1 Optimization of Bank Conflict Delay

Let N i
c be the total bus rounds demanded by the HRT running on Ci, and Di

c

be the total bank conflict delay suffered by the HRT, which can be expressed
as Di

c =
∑Ni

c

l=1 bcdil. Let Djl be the total bank conflict delay on bank Bj in the
lth bus round, which can expressed by Djl =

∑Kjl

i=1 bcdil, where Kjl is the total
count of the requests to access bank Bj in the lth bus round. Let Cbj be the
core set mapped to bank Bj , N j

b be the maximum number of bus rounds of the
HRTs in the core set Cbj , and Dj

b be the total bank conflict delay on Bj . The
Dj

b can be expressed as follows:

Dj
b =

Nj
b∑

l=1

Djl =
Nj

b∑
l=1

Kjl∑
i=1

bcdil =
Ni

c b∑
i=1

Di
c =

Ni
c b∑

i=1

Ni
c∑

l=1

bcdil (4)

As bank conflict delay suffered by one HRT is nonnegative, minimizing the
total bank conflict delay for each HRT is equivalent to minimizing the total
bank conflict delay on each bank, and that can be expressed by min(Di

c|∀Ci ∈
C) ⇔ min(Dj

b |∀Bj ∈ B). The total bank conflict delay on one bank also
is nonnegative for the bank conflict delay suffered by one HRT is nonnega-
tive, therefore, we can derive the following formulation min(

∑Nbank

j=1 Dj
b) ⇔

min(
∑Nbank

j=1

∑Nj
b

l=1

∑Kjl

i=1 bcdil). Let xij be the mapping from Ci(∈ C) to Bj(∈ B),
and nij be the column number of Ci mapped to Bj . If Ci ∈ C, xij is equal to
1, otherwise, xij is 0. As the demanded cache of HRTs are exclusively mapped
to columns, nij is integer and 0 ≤ nij ≤ min{Ncolumn, Sizeci}. If xij = 1, then
nij ≥ 0. Otherwise, nij = 0. xij and nij are the decision variables. The opti-
mization model to minimize the bank conflict delay suffered by each HRT can
be described as follows:

Objective function:

min(
Nbank∑
j=1

Nj
b∑

l=1

Kjl∑
i=1

bcdil) (5)

Constraints:

Nbank · Ncolumn ≥
Ncore∑
i=1

sizeCi
(6)

∀Ci ∈ C sizeCi
=

Nbank∑
j=1

nij · xij (7)
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∀Bi ∈ B Ncolumn ≥
Ncore∑
i=1

nij · xij (8)

In this optimization problem, the objective function describes that the over-
all bank conflict delay is minimum. In bank-column cache partitioning, a HRT
exclusively accesses its allocated columns, therefore, the size of shared L2 cache
need meet the total demand of Ncore cores, which is expressed as constraint (6).
Constraint (7) describes that the model need meet the demanded caching of each
core. Constraint (8) is the size constraint of one bank.

4.2 Design of the Proposed Optimization Algorithm

Based on above conflict analysis, the optimization problem is transformed to
find the optimal bank mapping, and the bank conflict delay suffered by the
cores sharing the bank is minimum. In this subsection, we design algorithm for
this optimization problem without any specific initial bank-to-core mapping.
Algorithm 1 shows our algorithm for bank mapping optimization. It iteratively
calls itself, until the column requirement of all tasks is satisfied. Algorithm1
takes the number of cores and the column requirement of each tasks as an input.
Line 1 initializes the initial minimal total conflict delays to infinity, and initial-
izes decision variables used[] to false for performing recursion call. A recursive
function FindOptimalMapping() is defined to search the optimal bank map-
ping in the solution space in lines 2∼31. Lines 5∼15 generate the mapping of
bank to core BtoCmapping[][] based on the core queue c seq[]. Then, based on
bank mapping BtoCmapping[][], we calculate the conflict delays of each HRT
in line 16. In line 17, we compute the conflict delays suffered by all HRTs. In
lines 18∼22, the best bank mapping is saved. The recursion of the algorithm is
practiced in lines 23∼30. In line 27, a core queue is generated in the recursive
walk, and the generated core queue is stored in the array c seq[].

5 Evaluation

In this section, we implement above approaches, and set up experiments to
demonstrate the effectiveness of our optimization.

5.1 Experimental Setup

In our experiment, the multi-core architecture consists of 6 cores, each of which
implements an in-order 5-stages pipeline without branch prediction. The instruc-
tion fetch queue size is 4, fetch width is 2 and the instruction window size is 8.
Each core has 64B private instruction and data L1 cache (1-bank, 2-way, 8-byte
per line, 1 cycle access and LRU replacement policy). The L2 cache is shared
among all cores, the total size is 4KB, 4 banks (each of which is 1KB), 4-way,
32-byte per line, 4 cycles access (i.e., cycles), and LRU replacement policy. Each
bank is partitioned into 8 columns and the size of each one is 128B. Bus access
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Algorithm 1. Optimizing bank-to-core mapping
Require: Ncore, sizeCi

(Ci ∈ C)
Ensure: the total conflict delays(MinDelay),the bank mapping (OptimalMap[][])
1: MinDelay =Infinity, used[j] = false(1 ≤ j ≤ Ncore);
2: function FindOptimalMapping(N)
3: if N > Ncore then
4: ncol = Ncolumn; nbank = 1;
5: for each core Ci in c seq[] do
6: if sizeCi

≥ ncol then
7: while sizeCi

≥ ncol do
8: BtoCmapping[i][nbank] = ncol;
9: sizeCi

= sizeCi
− ncol; nbank + +; ncol = Ncolumn

10: end while
11: BtoCmapping[i][nbank] = sizeCi

; ncol = ncol − sizeCi
;

12: else
13: BoCmapping[i][nbank] = sizeCi

; ncol = ncol − sizeCi
;

14: end if
15: end for
16: Computing conflict delay[] suffered by each HRTi based on formulation (3) ;
17: Total delay =

∑
∀Ci∈C

Interference Delay[i];

18: if MinDelay > Totaldelay then
19: MinEnergy = Totaldelay;
20: OptimalMap[][] = BtoCmapping[][];
21: end if
22: end if
23: for j = 1; j ≤ Ncore; j + + do
24: if !used[j] then
25: c seq[N ] = Cj ;
26: used[j] = true;
27: FindMinMapping(N + 1);
28: used[j] = false;
29: end if
30: end for
31: end function

latency is 2 cycles (i.e., LM = 4 cycles). All benchmarks used in this section are
part of Mälardalen wcet benchmarks [14] as shown in Table 1 including the byte
size Bytes and the lines of code LOC.

In order to get the L2 cache size of all benchmarks demanded, we use Chronos
[15] to measure their WCET that the L2 cache size is 128 B, 256 B, 512 B, 1 KB,
2 KB and 4 KB respectively. The configurations of measurement are: the instruc-
tion and data L1 cache are 64 B (1-bank, 2-way, 8-byte per line, LRU replacement
policy), respectively. L2 cache is 4-way, 32-byte per line and LRU replacement
policy. According to these results, we adopt the L2 cache size provided in Table 1
(column 3). In addition, columns 6–9 in Table 1 present the initial bank-to-core
mapping.

5.2 Experimental Results

5.2.1 Our Conflict Analysis Approach Versus UBD Approach
In this experiment, our focus is the effectiveness of conflict analysis approach.
Therefore, we assume that the bank mapping is used for HRTs in Table 1 (i.e.,
the order of core in queue c seq[] is {C1, C2, C3, C4, C5, C6}). We compare our
approach with UBD approach where the upper bound delay can be expressed
as UBD = (Ncore − 1) · Max(LB , LM ). Figure 3 illustrates this comparison
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Table 1. The benchmarks

Benchmark CodeSize (bytes) Columns LOC Core B1 B2 B3 B4

prime 797 1 47 C1 1 0 0 0

bsort100 2779 16 128 C2 7 8 0 0

cnt 2880 8 267 C3 0 0 8 0

fibcall 3499 1 72 C4 0 0 0 1

insertsort 3892 4 92 C5 0 0 0 4

expint 4288 2 157 C6 0 0 0 2

in bank conflict delays for all benchmarks in Table 1. The bank conflict delay
values are normalized to the delays obtained by UBD approach. We can see
that the bank conflict delays obtained by our approach is less than the delays
obtained by UBD approach for HRTs, which is because our approach takes
request timing into consideration on runtime inter-task conflict on shared cache,
and can reasonably estimate the bank conflict delay. The proposed approach can
improve the tightness of bank conflict delays by 14.68% on average compared to
the UBD approach.

Fig. 3. Comparison of bank conflict delays of different HRT for two approaches

5.2.2 Impact of Bank-to-core Mapping on WCET
The sum of bank conflict delays suffered by all tasks in task set under different
bank-to-core mapping are shown in Fig. 4. We can observe that the solution
space of bank mapping is 720, and the total bank conflict delays suffered by all
tasks have significant difference under different bank mapping. The bank conflict
delays are 29836 cycles under the worst mapping. In contrast, the bank conflict
delays suffered by all tasks are only 20242 cycles under the best mapping. In
order to compare the effect of bank mapping on WCET. We use the mapping in
Table 1 as the non-optimized mapping. One of the mappings with the minimum
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conflict delays is shown in Table 2. In this bank-to-core mapping, the WCET
for all tasks under the optimized bank-to-core mapping improved by 9.27% on
average.

Fig. 4. The total bank conflict delays suffered by all HRTs

Table 2. The optimal bank-to-core mapping

Benchmark Core B1 B2 B3 B4

prime C1 0 1 0 0

bsort100 C2 0 7 8 1

cnt C3 4 0 0 4

fibcall C4 0 1 0 0

insertsort C5 4 0 0 0

expint C6 0 0 0 2

6 Conclusion

In this paper, we presented a finer-grained approach to analyze the bank conflict.
This approach can reasonably estimate conflict delays. Furthermore, we optimize
the conflict delays through bank-to-core mapping and design the optimizing
algorithms to find the optimal mapping. Using our analysis approach, the bank
conflict delays can be improved by 14.68% on average compared to existing
method. The experimental results show that bank mapping has great impact
on WCET estimation, which can achieve a 9.27% improvement in WCET on
average.
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