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Abstract

Ensuring temporal predictability is one of the most important factors while designing applications for the avionics
domain. Consequently, time-triggered scheduling (TT) is prevalent in safety-critical systems because TT scheduling
is more predictable as the schedule is constructed at design time and is enforced at run-time. This allows system
designers to determine the precise timing of each event, which is particularly important, for instance, in the design
of control systems. Among others, one of the most important challenges of solutions implementing TT scheduling
of IMA applications is scalability, since the next-generation avionics systems must be able to handle an
increasingly large number of applications running on top of their embedded multi/many-core platforms. The
existing approaches are efficient for smaller problems but do not scale well when the search space becomes
large. To fill this gap, this paper proposes a novel scheduling heuristic framework for the next-generation avionics
systems, which can efficiently generate the schedule for a large number of ARINC-653 compliant IMA applications
running on top of multi/many-core platforms. The experimental results reveal that the proposed framework can
outperform the state-of-the-art by improving the schedulability ratio up to 46% even for the threshold timeout limit,
i.e., the maximum time allowed to find a solution, of 4 hours.
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I. INTRODUCTION

In recent years, the industry has been confronted with
the inevitable trend towards multicore processing platforms,
which allows to greatly improve the performance/cost ratio
of the system. Concurrently, the industry has shown an
increasing interest in developing methods and tools to imple-
ment, deploy, validate, and certify independently developed
applications of different “criticalities” on the same computing
node. Such integrated systems are commonly referred to as
mixed-criticality systems (MCS) [5], [30]. In our previous
work [11], we provided an industrial view on the notion of
mixed-criticality systems and showed that some of the existing
works that are built upon the Vestal model [30] have some
limitations, e.g, it considers that lower criticality tasks can
be suspended in case higher criticality tasks overshoot their
execution budget. This can be problematic, as safety-critical
systems such as avionics generally require strict space and
time partitioning among tasks of different criticalities execut-
ing on the same platform. In the aeronautical domain, this
partitioning approach is referred to as the Integrated Modular
Avionics (IMA) concept. ARINC-653 [2] is a standard widely
adopted in the avionics industry for the development of IMA
systems to enforce strong time and space partitioning. This
allows applications of different criticalities (also known as
Design Assurance Levels) to be developed and run indepen-
dently on the same hardware platform. Although the ARINC-
653 was originally defined for single-core architectures, it has
been extended to multicore computing platforms [1] [16].

Ensuring temporal predictability is one of the most im-
portant factors while designing applications for the avion-
ics domain. Consequently, time-triggered scheduling (TT) is
prevalent in safety-critical systems such as [22], because TT
scheduling is more predictable as the schedule is constructed
at design time and is enforced at run-time. This allows system
designers to determine the precise timing of each event, which
is particularly important, for instance, in the design of control
systems. Among others, some of the most important goals for
solutions implementing TT scheduling of IMA applications
are: 1) generation ARINC-653 compliant TT schedule; 2)
efficient generation of a TT schedule, i.e., within a reasonable
time; 3) generation of a TT schedule that efficiently utilizes
the computing platform; 4) generation of a TT schedule that
is scalable as per the requirements of modern avionic systems.

Several approaches exist in the literature [7], [8], [18], [22],
[24], [31] that focus on TT scheduling of IMA applications.
However, these existing approaches are either not compli-
ant with ARINC-653 specifications [31] or are not scalable
to large IMA applications and the number of processing
cores [7], [8], [24]. This can be problematic as the aeronautics
industry is witnessing an unprecedented increase in the com-
plexity of aircraft-embedded computers [12]. Consequently,
the traditional aviation development processes are having
difficulties keeping up with the development requirements
of large-scale complex avionics systems, mainly in terms of
cost, time, and reusability [9]. This trend suggests that future
avionics systems will require also more sophisticated methods

and tools that will enable handling larger systems with a
higher number of cores [20]. For instance, the Boeing 787,
which also uses an IMA architecture, hosts over 80 different
applications in the core processor cabinet [13]. With such an
increase in size and complexity, the importance of efficient,
scalable, and effective real-time scheduling solutions becomes
even more critical.

To achieve this goal, this paper proposes a novel heuristic
framework for the next-generation avionics systems that can
run a large number of ARINC-653 compliant IMA appli-
cations on top of multi/many core platform. The proposed
framework can be used to efficiently generate a TT schedule
for a large number of ARINC-653 IMA applications running
on a large-scale multi/many-core platforms. Furthermore, the
proposed framework allows partition instances of the same
IMA application to be executed in any core to efficiently
utilize the computing platform. The experimental results re-
veals that the proposed framework can outperform the state-
of-the-art [24] by improving the schedulability ratio up to 46%
even for the threshold timeout limit, i.e., the maximum time
allowed to find a solution, of 4 hours.

The main contributions of the proposed heuristic frame-
work are:

1. A novel algorithm for building a graph of the hierarchy of
IMA applications partitions instances in an efficient manner
based on a set of defined rules, which takes into account the
impact of IMA partitions instances with smaller execution
demands on IMA partitions instances with larger execution
demands.

2. A novel algorithm to build a graph that abstracts the sched-
ule in a hierarchy of smaller schedule intervals (sub-intervals),
which is built based on a set of defined rules and that allows us
to transform a large NP-Hard problem into a series of smaller
problems that are relatively straightforward to solve;

3. A novel multi-core schedulability test that allows us to
efficiently search for suitable sub-intervals in the schedule
sub-intervals graph to allocate the partition instances of each
IMA application; and

4. A novel scheduling strategy that allows to efficiently build
the schedule, by scheduling the partition instances assigned
to each sub-interval of the schedule sub-intervals graph.

II. SYSTEM MODEL

We consider a multicore platform comprising m identical
cores, denoted by IIq,Ils, ... II,,, with m € Z™, where Z™
is the set of positive integers. We consider a set of n IMA
hosted applications denoted by o = {1, aa, ..., a, }, where
each application oy, 1 < i < n, with n € ZT. Associated
with the n applications we have m processing partitions
Py, ..., P,. Each application «; is associated to a single
processing partition P;. Each P; is defined by an activation
period T;, an execution budget B;, a relative deadline D;
and an offset O; in relation to the start of the period Tj,
which means that the partitions are asynchronous in relation
to the start of the schedule. The value of B; can be computed
using existing methods [29]. We assume that each P; has



constrained deadline, i.e., D; < T;. We assume that each P;
releases an infinite number of processing partitions instances,
which we denote as F; ;. Each instance P; ; of a processing
partition of an application «; is released periodically with
period 7; until the end of the Major Frame (MAF). The
length of the MAF is the Icm of all partition periods, i.e.,
MAF :=lcmgy,eca{T;}. The absolute release time (resp. start
time) of the j*" instance of processing partition P; is denoted
as r; ; (resp. s; ;). The absolute deadline of the j** instance of
P; is denoted as d; ;. We designate this set of input parameters
of each P; ; as P; ; and the set of all P; ; as P.

As we consider an offset O; associated to each application
a;, we need to ensure that our schedule can be successfully
repeated towards infinity. Hence, we extend the MAF defini-
tion to an observation window OBW. The OBW is defined
as OBW = Opee + MAF, where Opar = Mmaze,eq0;.
To build our repetitive schedule, we only consider that
VP, mi,; < OBW. Within OBW, we also define the total
utilization uzor as V; @ ugor = >y Bl /(m x OBW), where
BiT is the sum of the B; of all o partitions instances P; ;
within OBW, i.e., with r; ; < OBW.

We assume that each P; ; of an «; can execute on any of
the m cores. This property brings an advantage over existing
solutions [18], [24] that restrict the P; ; of an «; to run on the
same core, because it allows more efficient utilization of the
computing platform. We assume in this work that the IMA
processes of an «; that run inside the P; ; will always resume
its execution in the same state after a migration (either on
the same or another core). Ensuring that the processor cache
is always flushed whenever a migration occurs is one of the
methods that can be used to ensure that these migrations can
be safely performed. The discussion of other methods that
can be used in conjunction with cache flushing to ensure safe
migration are left outside the scope of this work.

To ensure deterministic scheduling of the partitions, we
define the following set of assumptions:

« Partitions are scheduled on a fixed cyclic basis - a Major
Frame (MAF) of fixed duration is maintained by the OS
scheduler, which is usually defined as a multiple of the
least common multiple of all partition periods;

o The partitions are then allocated to one or more execution
windows within the MAF;

« Partitions are activated according to the defined offset
from the start of the MAF and remain active for the
duration of their execution windows;

o The sequence of activation of the partitions are defined
during design time using configuration tables;

o The configuration table for the partition schedule con-
tains the order of activation and the length of the execu-
tion windows within the MAF;

o A partition periodically releases a potential infinite num-
ber of “partition instances";

o The processing partitions can be mapped to any of the
available processing cores;

o Mapping of a partition instance between cores is not
allowed, but each processing partition instance released
by the same application may run on different cores.

The problem of synchronizing access to I/O resources is
out of the scope of this paper and is kept for future work.

Although our heuristic framework does not use a CP
approach, we do formulate some constraints that must be
respected by our implementation. First, we need to ensure that
the start time of all P; ; of all «; is not negative (Constraint
(1)) and that the deadlines of each «; are always respected,
i.e., the completion time of each P;; is no later than its
corresponding application’s absolute deadline (Constraint (2)).
Since partitions are executed periodically, the corresponding

P; ; cannot be released before the beginning of each applica-
tion period (Constraint (3)).

vpi,j © S5 Z 0 (1)
VP ;:si;+B; <D 2)
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Knowing that only one P; ; can execute on a given core m
at a time, we must ensure that the P; ; of different partitions

allocated to that core do not overlap with each other. This is
enforced by defining Constraint (4), where j and [ denotes
the j*" and [ instances of processing partitions P; and Py,
respectively, with 1 <i<nand 1 <k <n.
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The number of constraints defined by (4) can rapidly
grow with the number of applications, thus reducing the
effectiveness of the CP approach, especially with higher
number of cores under high load. Our proposed heuristic
framework addresses this problem by efficiently breaking
down this NP-hard problem [15] into a series of smaller and
simpler problems that are relatively straightforward to solve,
as discussed in the next section.

III. PROPOSED HEURISTIC FRAMEWORK

The goal of our heuristic framework is to efficiently gen-
erate an offline IMA-compliant schedule, where each P; ; is
mapped to any of the m cores and is assigned a start time s; ;,
such that all the previously defined constraints are respected.
Our heuristic consists of a set of deterministic algorithms
that run sequentially, i.e., given a defined set of inputs, the
heuristic will always produce exactly the same schedule. We
use directed acyclic graphs (DAG), and more specifically aug-
mented trees, to create hierarchical abstractions of partitions
instances and schedule sub-intervals. This heuristic process
consists of four phases. In Phase 1, we construct a graph
reflecting the P; ; hierarchy. This graph is used to decide the
order in which we schedule each P; ;. In Phase 2, we build
another graph, which abstracts the schedule in a hierarchy
of smaller schedule intervals, thus simplifying the scheduling
problem. Then in Phase 3, we traverse the graph built in
Phase 2 and allocate each P; ; to a schedule interval. Finally,
in Phase 4, we allocate each P;; to one of the m cores
within the allocated intervals and assign a start time s; ; to it.
The referred phases are explained in detail in the following
sections.

A. Phase 1 - IMA Fartitions Hierarchy Graph Construction

This phase takes input a set of parameters of each IMA
application «;, namely P. Based on these inputs, we create
the IMA Partitions Hierarchy Graph, Py;.qpn, which is a DAG
object with its properties and methods (functions), which
is built upon a set of defined rules. P, is used in our
heuristic to determine the order in which we allocate the
partitions to schedule sub-intervals. Py,.qpp is formally defined
as Pyraph = (Vp, Ep), where each vertex v, € Vp is an object
representing an IMA partition instance P; ;, with p € [1.7TF],
where T = |P|. Each v, also has properties and methods
associated to it. We store several important data in each v,
object, including the input parameters from P. We use the
"." operator to access the data stored in wv,. For example,
to retrieve the deadline of the P;; stored in a v, object,
we perform the following operation: 7;; < vp.deadline.
Note that given a P; ;, it is possible to access the respec-
tive v, object from Py, through the following operation:
Up < Pyrapn[p]. The edges e, of Py,qp, connect the vertices



vp in a hierarchical way, according to a set of defined criteria
that will be explained in the following sections.

Figure la depicts an example schedule with the intuition
behind Py,qp, construction process. In this scenario, we
consider a set of random partitions P1 to P6 with their
respective releases r; ; and deadlines d; ; in absolute time
units. From this simple example, we can intuitively verify
that P1 is more constrained by P4, P5, and P6, and not
so much by P2 and P3. This principle leads to the idea
of creating a graph of the partitions hierarchy, where each
partition corresponds to a vertex of the graph, connected by
edges in such a way that a hierarchy of those partitions is
formed.

Equation 5 defines the condition to determine the hierarchi-
cal relationship between partitions. The equation establishes
that for a partition Py ; to be considered a child of another
partition F; ;, two conditions must be met. Firstly, F; ; must
encompass Py ;, i.e., it must have an earlier release time and a
later deadline than P ;. Secondly, there should not exist any
other distinct P, ; that simultaneously encompasses P, ; and
is encompassed by P; ;.

VPei, (3P 5,0 #k, | 1 <rpaNdig < dij) A

(A Psp,sF#kys#4, | (15 <rspNdsy <dij) A (5)
(7ot <rpiANdiy <dsy)))

Note that according to Equation 5, a parent partition P; ;,
can have only one child P ; in the interval [ry ;, d ], but one
child partition Py ; is allowed to have several parents P; ;. For
example, in Figure la, if the deadline of P2 were equal to
26, then P2 would also be considered as a parent of P6, thus
both P2 and P3 would be considered as parents of P6.

Next, we describe Phase I sub-phases to create Py,qph.
Sub-Phase 1.1 - Generation of a list of schedule events and
Initialization of partitions hierarchy graph. The purpose of
this sub-phase of our heuristic is twofold: the generation of
the schedule events data set £ and the initialization of Py,.qpn
vertices v,. € is defined as & = {T1,..,T,}, ¢ € ZT. Each
T. € E, x € [1,q], is defined as T, = {tz, {E1,..,Ei}},
l €Z%, where 0 < t, < dj,st, and where dj,g; is the latest
absolute deadline among all P; ; with r; ; < OBW. Each
E, € T associated with a P; ; with identifier p is represented
as B, = {"release" V "deadline", p}, with p € [1..T'*]. For
the sake of simplicity, we designate each E), as either £ or
Eg, to represent the release or deadline events of a P ;.

This sub-phase takes P as input, and performs the following
actions:

o initialize Py.qpp vertex with identifier p

o iterate over all P; ; € P to:

— add the vertices objects v,, representing each P; ; to
P, graphs
- add the £, or Eg of P;; to &;

o sort £ in ascending order of time stamps ¢ to yield £°.

It is important to highlight that at this stage the vertices v,
are not connected by the respective edges.

Sub-Phase 1.2 - Construction of Py..p,. In this sub-
phase, we use function ConstructPartitionHierarchyGraph()
(Algorithm 1) to build P,qpn. This function iterates over all
T € €9 to determine the hierarchical parents of each P
that satisfy the condition given by Equation 5. The analysis
of each 7 € £9 is composed of three parts. In the first part
(lines 2 to 6), we iterate over all £, € 7, and determine
the set A, containing the identifiers b of the P;; that are
active at time ¢, € 7. A P; ; is considered to be active when
;.5 <ty < d; ;. Note that being active at ¢, is a pre-condition
for a P; ; to be a parent of Py ;, with ¢ # k. In the second
part of the analysis we determine the parent(s) of each Py,

Algorithm 1: Sub-phase 1.2: P,y construction

Output: Py;.,pp construction completed
1 Function ConstructPartitionHierarchyGraph (P, £°,

Pgraph) :

2 Az 1}

3 for 7 € £° do

4 for E € T do

5 if Event e € E is a "release” then

6 | Get P; ; identifier b € E and append to Ay
7 O+ {}

8 for E € T do

9 Get Py ; identifier a € E

10 if (Event e € E is a "deadline") N\ (|Az| > 0) then
u Ay +—{}

12 forb € A, do

13 if (@a#b) A(bg Q) A

14 (vp.r < Va.7 A vg.d < vp.d) then

15 if (vp.r = vg.7 A Vg.d = vp.d) then
16 Pyraph-AddParent(vy, va)

17 Pyraph-AddChild(ve,, vy)

18 Ay —

19 Append a to Q

20 break

21 else

2 | Append b to A,

23 A, — Ay

24 p_found = FALSE

25 for b € A, do

26 if p_found = FALSE then

27 for c € A, do

28 if (c#b) A

29 (vp.r < ve.r Ave.d < vp.d) then
30 if |[Az| =1 then

31 p_found = TRUE
32 break

33 else

34 L Remove c from A,
35 for b € A, do

36 Pyraph-AddParent(vy, va)

¥ | Pyraph-AddChild(va, vy)
38 for E € T do

39 if Event e € E is a "deadline" then

40 Get P; j identifier b€ E

a if b € Ay then

22 L Remove b from A

(lines 7 to 34). We iterate again over all £ € T (line 8) to
determine the FP; ; with identifier b, with b € £, that can be
a parent of each Py ; with identifier a. The auxiliary set Q
initialized in line 7 is simply used to prevent a child vertex
from being added as a parent of its parent. In line 9 we get
the identifier a of the P ;. If e € E is a deadline event and
A, is not empty (line 10), we initialize the set A, (line 11)
that will store the candidate parents P; ; of Py ;. Then in line
12, we iterate over all active F; ; with identifier b € A,. The
condition in lines 13 and 14 filters the P; ; that are candidate
parents. In line 15 we test the special case where a Py, ; with
identifier a has exactly the same release and deadline as that of
the P; ; with identifier k. The operations vy.r, v4.r and vy.d,
v,.d allow us to retrieve the releases and deadlines stored in
the objects v, and v, respectively. If that is the case, we can
add it straight away as parent of P} ; (lines 16 and 17), reset
A, (line 18), and add a to Q, to prevent P ; from being
added as parent of P; ;. We then break the loop (line 20) and
proceed to the analysis of the next event F,. Otherwise, if the
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Fig. 1: Examples describing the intuition behind the construc-
tion process of Pyrqpn and Igrapn.

condition in line 15 is not satisfied, we add b to A, (line 22)
and proceed to the next stage (lines 23 to 34) to select the
parent(s) among the candidates in .A,. To achieve that goal,
we must test all combinations among the F; ; stored in A,
through the for loops in lines 25 and 27, to check if they are
a parent of one another, thus violating the condition given by
Equation 5 (lines 28 and 29). But before that, as preparation,
we make a copy A, of A, (line 23) to avoid interfering with
the iteration control variable and initialize the flag to detect
when a parent has been found (line 24). If the condition in
lines 28 and 29 is true, we remove the P; ; with identifier
¢ from A, (line 34). We proceed with this iteration until all
parents are found or until only one parent is left in A, (line
30). Once this analysis is finalized, we simply add the P, ;
with identifier b € A, as parent(s) of the P ; with identifier a
(lines 35 to 37). The final part of the analysis (lines 38 to 42),
consists simply of deactivating all P; ; with deadline events
E,‘j at time ¢ associated with event subset 7. The approach is
the same as the one used in lines 3 to 6 but with a deadline
event instead of a release.

B. Phase 2 - IMA Partitions Interval Hierarchy Graph Con-
struction

Once Pyrqpn has been built, the next phase is the construc-
tion of the IMA partitions intervals hierarchy graph, which is
also a DAG object with its properties and methods (functions),
similar to Pyrqpn. We define this DAG as Igyqpn = (Vi, Ek)-
Each vertex vy € V, is an object representing a IMA
schedule sub-interval I, defined as a tuple (¢,t.), where
0<ty,<te N tp <te <OBW. Given an Iy, it is possible
to retrieve the respective v; object from Ig,.qp, through the
following operation: vy, <— Igrqpn [Ix]. The edges e of Igrapn
connect the vertices vy, in a hierarchical way, according to a
set of defined criteria. The construction process of Iy qpn iS
implemented by Algorithm 2.

Phase 2.1 Construction of LP and LZ. The purpose of
this sub-phase is twofold: (i) the creation of the set LP, which

contains the list of identifiers p associated with the leaf vertex
Vp € Pyrapn; (i) the initialization of Iy, leaf vertices. A
Vp € Pyrapn is defined as a leaf iff v,,.gerChild()= (), where
getChild() is a function of v,, that returns the set of identifiers
of the children of v,. Similarly, a vy € Igrqpn is defined as a
leaf iff vy.getChild()= (). We designate each interval of LP
as Ly, with k € [0..|£Z| — 1]. This sub-phase is implemented
by function constructLeafPartitionList() (line 4 of Algorithm
2), which performs the the following procedure steps:
o Iterate over each v, € Pyrapn:
— If v,.getChild= 0:
x Add p to LP;
* Add the interval I, =(vy.release, vy,.deadline) to
LT
* Create the vertex vy, associated with Iy, in Igpqpn;
e Sort L7 in ascending order of interval start time .

Algorithm 2: Phase 2.1: I;,q,n construction

Output: /.., construction completed
1 Function
constructIntervalHierarchyGraph (P, Py aph, £9°, P,
IB, LT):
2 SCHEDULE_START < 0
3 SCHEDULE_END < max(getEventsTime(E©))
4 constructLeafPartitionList (P, LP, LI)
5 constructlntervalGraphBaseList(LZ, T1B, SCHEDULE_START,
SCHEDULE_END)
6 Igraph < createlntervalGraph()
7 graph_depth < | IB |
8 constructRightDiagonalVertices(IB, 1yrqpn, graph_depth)
9 constructLeftDiagonalVertices(LB, 1gyqph, graph_depth)
10 addLeaflntervals(LZL, IB, 1graph)
11 return

Phase 2.2 Construction of ZB. In this sub-phase we use
the set £Z to build another set ZB3, which will contain the
intervals at the base of Iyqp,. This sub-phase is implemented
by function constructlntervalGraphBaseList() (line 5 of Algo-
rithm 2), which performs the following procedure steps:

 Build the first interval as
Itirst = (SCHEDULE_START,Iy(1]), where Iy[1]
means the upper bound of the first interval Iy € LZ;

o append Iy;.s; to ZB and add it to Ig,apn;

o Iterate over each I, € LZ, with k € [0..|CZ| — 1]:

— Build the subsequent intervals, except for the
last interval, according to the following rule:
(Zx[0], Zi41[1]);

— Append each Ij; to ZB and add it to Igrqph;

o Build the last interval as oot =
(I.[0], SCHEDULE_END), where e = |LZ| — 1,
 Append each I;45; to ZB and add it to g apn;

Phase 2.3 Construction of /,,,,, right diagonal vertices.
In this sub-phase we create and connect the remaining vertices
of Igrqph, taking the set as the starting point ZB. This sub-
phase is implemented by the function constructRightDiago-
nalVertices() (line 8 of Algorithm 2). Our strategy consists in
building the graph diagonally. Formally, we iterate over all
intervals J, € ZB, with k € [0..|ZB| — 1], compute the new
interval Iy, as (Jx[0], Jx+1[1]), add Iy to Iyyqpn and connect
I, with Ij._1.

Phase 2.4 Construction of /.., left diagonal vertices.
Since in the previous sub-phase we have created all vertices of
Igrapn, to finalize the construction process of Ig.q,n We just
need to connect the remaining vertices of Ig.qpn. We follow
the same process from the previous sub-phase, but iterating
now from the last interval of ZB to the first. This sub-phase is
implemented by the function constructLeftDiagonalVertices()
(line 9 of Algorithm 2).



We now use Figures la and 1b to illustrate the intuition
behind the overall construction concept of Ig,.qpp. According
to sub-phase 2.1, we take all the leaves of the partitions
hierarchy graph Pgy,qpn (i.€., P4, P5 and P6) to build LP.
From LP, we extract the releases and deadlines of P4, P5
and P6, and build £LZ, i.e., (3,5), (10, 15), (20, 25) in Figure
Ib. Then according to phase 2.2, we take the leaf intervals
LT, augment by instants ¢t = 0 (i.e. SCHEDULE_START) and
t = OBW (i.e., SCHEDULE_END = 40), to build Z13, which
is given by intervals (0, 5), (3, 15), (10, 25), (20, 40). To build
interval (0,5), we take the beginning of the schedule (i.e.,
t = 0) as the start time of the interval, and the upper bound
of the first interval in £Z, i.e. the upper bound of (3,5). To
build the next interval (3, 15), we take the lower bound of the
first interval in £Z, and the upper bound of the second interval
(10, 15). We continue with this process until the last interval
of LZ, i.e., (20,25). To build last interval (20,40) of Z5,
we take the lower bound of the last interval (20,25) of LT
and augment it with SCHEDULE_END. Then we build the
Igrapn right diagonal vertices based on ZB as per the process
defined in sub-phase 2.2. To build the right diagonals of this
example graph, we start with interval (0,5), then we create
interval (0, 15) and connect it with (0,5). Then we proceed
with (0, 25) up to (0,40). Then we follow the same process to
build the remaining right diagonals, restarting at (3, 15) up to
(3.40), and so on. To finalize the graph according to phase 2.4,
we construct the left diagonal using the same process, which
means connecting intervals (20, 40), (10, 40), (3, 40), (0,40),
then (10, 25), (3,25), (0,25) and so on, until all vertices are
connected.

C. Phase 3 - Allocating Partitions to Schedule Sub-Intervals

Phase 3.1 P, ., traversal. The goal of this this phase is
to decide which P; ; will be assigned next to an interval Iy,
in Igrqpn or not. Our strategy to traverse FPy,qpn consists of
a bottom-up approach described in Algorithm 3. To perform
the traversal, we use two FIFO queues, which we designate
as p_queue and p_wait_queue, and that we initialized in lines
2 and 3. We start the process by iterating over all leaf P; ;
whose identifiers p are stored in LP (line 4), assigning them
to their parent interval in the base intervals ZB with the
largest lower bound ¢, and enqueuing their parents (lines 5
to 8). The interval search process is implemented by function
intervalSearch() (line 15 and line 24), which is explained in
Phase 3.2. In case during the first attempt to find an interval
to assign each P; ; we detect that we have two options to
choose from in the search path (lines 11 to 21), we opt not
to assign P; ; to any of those two intervals yet, and function
intervalSearch() returns TRUE (line 15). We then append
p to p_wait_queue (line 17). This strategy allows us to reduce
the number of decisions that we need to take, by giving all
P; ; a first chance to try to find an interval as low as possible
towards the base of I,.qp,. We proceed iterating over p_queue
(lines 10 to 21) and p_wait_queue (lines 22 to 27) in this
order, until both queues are empty, meaning that all P; ; have
been assigned to an [j. Note that the return value in line 24
will never be used, since we don’t give a third chance for
finding a suitable interval for q.

Phase 3.2 I,.q,, traversal. After selecting the P; ; that
must be assigned to an interval in the previous phase, we now
initiate or resume the interval downward search (top-down)
process to allocate the P; ; to an I in Ig.qpn. This process
is implemented by Algorithm 4. This algorithm implements
a set of four criteria that allow us to decide which downward
path we will follow, i.e., whether a child interval I will be
allowed in the i_queue or not. Next, we define each criterion.

Criteria 1. Enqueue child Iy, in i_gueue iff: (msst = TRUE)
AN((Ir € LI AN I ¢ IB) = FALSE). Rationale: we

enqueue the child [j if it passes the msst and if it is not
a leaf interval. For example, in Figure 1b, the leaf intervals
are (3,5), (10,15) and (20, 25).

Criteria 2. Enqueue in i_gueue the child I}, with the highest
value stored in the set Af,,, given by max(A7J,,). The set
A7, is defined is section IV. Rationale: we enqueue the child
I}, with the highest available CPU processing time to increase
the likelihood of being able to run the P; ; in that Ij,. Note
that in the rest of this paper we use the terms CPU processing
time and CPU time interchangeably.

Algorithm 3: Phase 3.1: Pg.qpp traversal

Output: All P; ; assigned to an interval in Iy,.qpp
1 Function reversePartitionGraphTraversal (Pyraph,
LP):

2 p_queue < {}
3 p_wait_queue + {}
4 for p € LP do
5 p_int =
(Pgraph[p)-getRelease(), Pyraph [p].get Deadline())
6 Assign p to the parent in ZB3 with the largest ¢
7 p_parents = Pgrqpn[p].getParent()
8 Add p_parents to p_queue
9 while |p_queue| > 0 A |p_wait_queue| > 0 do
10 temp_p_queue < p_queue
11 for p € temp_p_queue do
12 if Pyrqpn[p].allChildScheduled() = FALSE
then
13 Add p to the end of the p_queue
14 L break
15 p_has_options = intervalSearch(p)
16 if p_has_options = TRUE then
17 | Append p to p_wait_queue
18 else
19 L p_parents = Pyrqpn[p].get Parent()
20 Append p_parents to p_queue
21 Remove p from p_queue
22 temp_p_wait_queue < p_wail_queue
23 for q € temp_p_wait_queue do
24 q_has_options = intervalSearch(q)
25 q_parents = Pyrqpn[q].getParent()
26 Append q_parents to p_queue
27 Remove ¢ from p_wait_queue
28 return

Criteria 3. Enqueue in i_queue the child I; with the
highest value of A¥ . If we designate any pair of child

vertices as vy, vr, then A?, . is computed as follows: AY = =
maz(maz(AL,,), maz(AL, ). AL, is computed during the
construction of Ig.qpp, for all I and stored in each wvy.
Rationale: The value of AJ*** is a metric that allows us to
choose a search path towards child intervals with potentially
larger values of available CPU time.

Criteria 4. Given two child intervals I; and I,., such that
I;[0] < I.[0], then enqueue I,[0] in i_queue. Rationale: at
this point we must force a decision, so we select the child
interval with the latest largest lower bound.

Next, we described Algorithm 4 in detail. To perform the
interval search, we also use a FIFO queue, which we designate
as i_queue. This algorithm takes as inputs the P; ; identifier
p and the flag p_from_queue. If this flag is TRUF, it
means the F; ; comes from p_queue, otherwise, it comes from
p_wait_queue.

If it comes from p_queue (line 4), we need first to compute
the interval search starting point for P; ; in Ig.qpn, which we
designate as I;o, = (Lpound, Ubound). To compute Iy, lower
and upper bounds, we use function getTopInterval() (line
5). This function takes the P; ; release 7; ; and deadline d; ;,
and iterates over ZB to search for the intervals Iy, I; € ZB,



with k£ < [, whose lower and upper bounds satisfy respectively
the following rules:

Liyouna = Ix[0] | Ix[0] < 7 < Ix411[0] (6)
Ubound = L[1] | I1—1[1] < d; ; < I[1] (7

For instance, in Figure 1, if we apply the above rule to
compute the I;,, of P2 in Figure la, it would yield the
interval (0,25) in Figure 1b.

Algorithm 4: Phase 3.2: I,.qpn traversal

Output: All P; ; assigned to an interval in Igyqpp
Data: £9, Pyraph
1 Function intervalSearch (Igraph, P, p_from_queue) :

2 p_bi = g'ruph[p]'QEtBUdget()

3 i_queue < {}

4 if p_from_queue = TRUE then

5 p_top_int = getTopInterval(p)

6 p_top_msst_result, A AL, =
per formMSST (p, p_top_int, p_bi)

7 if p_top_msst_result = TRUE then

8 L update_Az_params(p_top_int, p, At°t AT L)

9 Append p_top_int to i_queue

10 else

1 | EXIT - application set not schedulable

12 else

13 p_restart_int = Pg,qph[p].getIntervals

14 Append p_restart_int to i_queue

15 while |i_queue| > 0 do

16 next_i = pop(i_queue)

17 i_child = Iypqpn[next_i].getSortedChild()

18 candidate_ints < {}

19 if |i_child| > O then

20 for each_child € i_child do

21 p_msst_result, A, AT =

per formM SST (next_p, ¢, p_bi)

22 if Criteria_1 = TRUE then

23 L Append each_child to candidate_ints

24 if
(|candidate_ints| = 2) A (p_from_queue = TRUE)
then

25 assignPtoInt(p, next_i)

26 return TRUE

27 else if (|candidate_ints| = 2) A (p_from_queue =
FALSE) then

28 if (Evaluation of Criteria 2 was successful) then

29 update_Az_params(next_i, p, A AT L)

30 Append selected candidate_ints to i_queue

31 else if (Evaluation of Criteria 3 was successful) then

32 update_Az_params(next_i, p, At AT )

33 Append selected candidate_ints to i_queue

34 else

35 Apply Criteria 4

36 Append selected candidate_ints to i_queue

37 else if
(lcandidate_ints| = 0) A (p_from_queue = TRUE)
then

38 assignPtoInt(p, next_i)

39 return FALSE

40 else if (|candidate_ints| = 0) A (p_from_queue =
FALSE) then

a4 if next_i # p_restart_int then

) | assignPtolnt(p, next_i)

43 return FALSE

44 else

45 update_Az_params(next_i,p, A, A7)

46 Append selected candidate_ints to i_queue

Once we have determined the I;,, of a P; ;, before we can
assign the P; ; to I,,, we must check if the interval I;,, has
sufficient CPU time available to run the candidate F; ;. To

perform this check, we have developed a novel schedulability
test for TT systems that we designate simply as msst. This
is implemented by function performMSST() (line 6 of
Algorithm 4). Due to msst complexity, and because it is one of
the key contributions of this paper, we opt to describe it in the
dedicated section IV. At this point, it suffices to say whether
an attempt to assign a F; ; to an interval I, was successful
or not, i.e., whether it has passed the msst or not. The msst
is a function that returns the result of the test (pass or fail)
and a set of parameters that are used to determine whether an
I}, has sufficient CPU time available in any of the cores to
run a certain F; ; or not. Now, we designate these parameters
as A'°' and A7, ,, which are stored in the I,q,n vertices vg
associated with an Iy, and that help us track the available
CPU time in each Ij. These parameters will be explained in
detail in section IV. In line 7 we check the msst result. If it
is a pass, we use function update_Ax_params() to update the
Atot and A, parameters of Ij, and to store them in vy (line
8). We then append the p_top_int to i_queue to continue the
search process (line 9). For the case where the msst fails when
trying to assign a P ; to its I, (line 10), we halt the process
and deem the system as unschedulable by our heuristic.

In case the condition in line 4 yields FALSFE, it means
that the P; ; that comes from the p_wait_gueue, so we don’t
need to recompute its I;,,, because we simply resume the
downward search from the interval where the F; ; first search
attempt was halted, when more than one option was detected.
Hence, we just retrieve the interval where the search was
previously halted (line 13) and append it to i_qgueue (line
14). We are now ready to initiate the downward search for an
interval to assign F; ; by iterating over ¢_queue (lines 15 to
46). In this part of the algorithm, we take each child interval
and apply the four defined Criteria, taking into consideration
the number of selected children, and whether P; ; comes from
the p_queue queue or not.

D. Phase 4 - Scheduling of Partitions

The last phase of our heuristic is the scheduling of the
partitions assigned to each interval of Iy.qpn, Which means
that we assign a start time s; ; to each partition P; ; and a core
for it to execute. Algorithm 5 defines our scheduling strategy.
It consists in building the schedule backward, by traversing the
Igrapn "diagonally" from right to left and from bottom to top.
For example, in the graph in Figure 1b, we would schedule
the P; ; assigned to each interval in the following order of
intervals: (20,40), (10,40), (3,40), (0,40), then (10,25), (3,25),
(0,25), and so on.

Since we build the schedule backward, we start Algorithm
5 by storing the reversed Z13 in reversed_ZB (line 2) and by
storing the end of the schedule in £O.S, which corresponds
to the upper bound of the last interval of 75, given by
reversed_TB[0][1] (line 3). In line 4 we initialize all m
elements of the schedule tracker set S with the value EOS.
We define S as a set of size m, whose purpose is to keep track
of the start time s; ; of the last P; ; scheduled in the m cores.
Next we iterate over the reversed_TB to schedule the F; ; in
each interval I € Ig.qp, (lines 5). But before we initiate the
scheduling of the P; ; assigned to I, we need to check if any
of the schedule tracker values in S is larger than the upper
bound of I, given by I[1]. This is performed in the procedure
in lines 7 to 10. First, we check if it is not the last interval
in the schedule (line 6), and then we iterate over all elements
of S (line 7) and check if the schedule tracker values Si]
are larger than the interval upper bound I[1] (line 8). If this
condition is true, we update the respective S[i] value with the
I[1] (line 9). Next, we initiate the iteration over all intervals
of the Iy, diagonal to schedule the P; ; € I, starting from



the base intervals I € reversed_TB (line 10) until I has no
parent interval (i.e., we reach the top of I.qpp). In each I,
we perform the iteration over all the P; ; € I, and schedule
each one of them (line 22) in the core that has the largest
available CPU time, given by function max(S) (line 27). If
the computed Pj;,,+ occurs before the release time P, of the
P; ; (check at line 31 fails), we deem the application set as
unschedulable as per our heuristic (line 32).

Algorithm 5: Phase 4: generateSchedule

Output: All P; ; assigned a start time s; ; and a core m
1 Function generateSchedule (Pyraph; Igraph, ZB):
2 reversed_TIB < reverseBaseList(Z13)
3 EOS <reversed_IB[0][1]
4 Let a set S, |S| =m,Vw € S,w + EOS
5 for I € reversed_I13 do
6
7
8
[

if I # reversed_TB[0] then
for i € [0..|S| — 1] do
if S[i] > I[1] then
L L Sli] < I[1]
10 while [ has a parent interval do
1 T  Igrapn|l).getCandidates()
12 if 7 # (0 then
13 B+ {}
14 D« {}
15 for J € J do
16 Btemp < {PyrapnlJ]-getBudger(), J}
17 Diemp < {Pyraphrlil-getDeadline(), J}
18 Append Biemp to B
19 Append Diemyp to D
20 Sort B in descending order of B;
21 Sort D in descending order of deadline
2 for d € [0..|D| — 1] do
23 P + D[d][1]
24 P, + D[d][0]
25 Py < Pyrapn|P).getBudget()
26 Pr. < Pyrapn|P).getRelease()
27 latest_core < (index of the max(S))
28 if Py < max(S) then
29 | Sllatest_core] + Py
30 Pstart < Sllatest_core] — Py,
31 if Pstart < P then
32 EXIT - the system is not schedulable by
L our heuristic
33 Pyraph[Pl.scheduleP(Pstart , latest_core)
34 Sllatest_core] < Pstart
35 I+ IpaTent | [[1] = Iparent[l}
36 break
37 else
38 I < Iparent | I[l] = Iparent[l}
39 break
40 return

IV. PROPOSED MULTI-CORE SCHEDULABILITY TEST
A. MSST Formalization

Our heuristic consists of traversing Iy, in the search for
a suitable I}, to assign a P; ; with B;. For each I, € Ijrqpn
traversed during the search process, we run the msst to check
if I, has sufficient CPU time available in the m cores to
execute the P; ;. Instead of deciding upfront the allocation of
the tasks to P; ; to the m cores, and tracking the available
processing time in each core, we propose an efficient ap-
proach by reducing this two-dimensional problem to a single-
dimensional one. We explore the temporal properties of the
system as a whole, instead of tracking the available CPU time
in each core individually. Through this approach, we compress
the information in such a way that it summarizes a lot of
possible solutions, i.e., each time we assign a P; ; to an I,
we may have one or more possible cores to execute it.

Whenever we assign a P; ; to an interval I;, we consider
that I changes its state from s to s + 1, with s € Z™T.

Each state s of interval I, is characterized by a set of
temporal parameters (attributes) stored in each v;. Whenever
a transition occurs from state s to s + 1, we use these
attributes to decide whether an interval I, has sufficient CPU
time available to run a P;; or not. Next, we define those
attributes. Given an interval I, = (tp,t.) and m cores, the
key parameters A%, Vz, x € [1,m|, m € ZT, are defined
as the maximum CPU time units that can be simultaneously
available in = cores in the interval [¢y,t, + A%] in a defined
state s of Ij. The intuition behind A¥, for x = 3, is depicted
in Figure 2 for an I, = (0,100) and m = 6. The blue color
in each core means available CPU time. A? = 60 means a
maximum of 60 time units are available simultaneously in 3
cores. A? is initialized as follows: VI, Va, AT = (t. — tp)
time units. The next key parameter, Ag"t, is defined as the
total available CPU time available in all m cores within I},
at a state s. In Figure 2, A%°* corresponds to the sum of the
total CPU time available in blue color in all cores. AL! is
initialized as VI, ALY = m x (t. —t;) time units.

tp=0 A3 =60 t, =100
1 _____________ »
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Fig. 2: Intuition behind key msst parameters

We now define the parameters L7, L'7%. Given an Ij,
at state s, L7'% is defined in Equation 8 as the maximum
available CPU time available in core y, Yy < x, with 2,y €
[1,m], in addition to AF. Ly'¢% for x = 3 can be visualized in
Figure 2, for cores y = 1 and y = 2. We also define L ; 4,
which is an approximation towards Lg'7%, where L, , <
L'3%» and that is computed by means of a heuristic described
later in this section.

Ve e [1,m],Vy <z, LT =AY — A% (8)

S5, T,Y

Similarly, given an [; at state s, L7'%” is defined as a

S,T,2
constraint given by Equation 9.

Vo € [1,m],Vz >z, L% < A 9)

S,X,%

We also define L, , ., which is an approximation towards
LT;}‘Z, where L, . < L;”;”;, and that is also computed by
means of a heuristic described later. Hereinafter, we use the
term "L parameters" to generically refer to L, , and Ly ; ..

Next, we define A" Vz € [1,m], which is the total
available CPU time in z cores in addition to A%, at state s of
interval [, and that is computed according to Equation 10.
The intuition behind Agfﬁer, for x = 3, can be visualized in
Figure 2. In Equation 10, the term z x A? yields the total
maximum CPU time available in all = cores within I, which
corresponds to the sum of the CPU time available in blue
color inside the red dashed lines. If we subtract this value
from the total available CPU time in all cores, given by A%¢

8,17
we obtain the value of AJ7"*" for a given .
Vi € [1,n), ASther = Atot g x AZ (10)

We also define Equation 11 to aid in our computations. By
looking at Figure 2, we can intuitively see that this equation
holds true.

Vo e [lm], > LT+ Y LT = AST

Vy<z Vz>x

1)



Lm(LT

As previously referred, since L, < LJ'3%

and Ls,m,z <

L§'3", BEquations 12 or 13 also hold true.
D Lowy+ Y, Lows=AJN (12)
Vy<z Vz>x
D Loay+ Y Lows <AL (13)
Vy<x Vz>x

For the previous definitions to hold, the constraint in
Equation 14 must be respected. In Figure 2 it can be easily
visualized that if this constraint is violated, the definition of
AZ becomes invalid.

Vo € [l,m], 0 < ATt < A7 (14)
Algorithm 6: Multicore Schedulability Test Algorithm
Output: TRUE vV FALSE, A’;ﬁfl, AT
Data: At m, A% x € [l,m}
1 Function per formMSST (B;, I) :
2 partition_schedulable < FALSE
3 if At°t > B; then
4 z1
5 if A? > B; then
6 partition_schedulable < T RUE
7 while x < m do
8 Compute AZtMe" (Eq.10)
9 it ASther > 0 then
10 y+1
11 while y < = do
12 Compute L7 (Eq.8)
13 y+—y+1
14 z+—x+1
15 while z < n do
16 Compute L., . (Eq.16)
17 z4+—z+1
18 y+—ax—1
19 Aothe'r P AotheT
Stm
20 whllepy >1 do
21 Compute L 4 (Eq.17)
2 Agther Agjﬁg Ly
23 | y«<y—1
2 if (Eq. 12 =FALSE) A (Egq. 13 =
FALSE)) V ((Eq. 12 = TRUE) A
(x = 1)) then
25 Compute AZ,; (Eq.15)
26 | break
27 else if (Eq. 12
=TRUE) A (x #1) N (Ls,a,1 < B;)
then
28 L Compute A7, (Eq.19)
29 else
30 | Compute AZ,, (Eq.18)
31 else
32 Compute A7 ; (Eq.15)
33 | break // exit the while loop
34 | z<z+1
35 AT, , < SortDescending (AS_H,V )
36 AWl — At — B;
¥ return partition_schedulable, A%, AT, |

B. MSST Heuristic Intuition

Whenever we try to allocate a P; ; to an I}, our strategy
consists in preserving as much as possible the CPU time
reserved in the A? parameters, giving priority to the cores with
lower values of x, by consuming first the CPU time available
in the L parameters, according to a defined strategy. By
maximizing A? towards state s+ 1, we increase the likelihood
of being able to allocate the next candidate F; ; to Ij,. We can
visualize the effect of this strategy in Figure 2, where core
1 will always have the largest available amount of CPU time

and core 6 will always have the lowest. We show in this figure
an example of a possible allocation of the F; ; among the 6
cores in red color. But it is important to emphasize that when
executing the msst, we are not concerned yet about where the
P; ; will be executed. Through this approach, we compress the
information in such a way that it summarizes a lot of possible
solutions, i.e., each time we assign a P; ; to an I, we may
have one or more possible cores to execute it. Therefore, by
keeping track of the values of the A% and A%’ parameters,
and by updating them accordingly every time we allocate a
P; ; to an I, it is possible to establish an effective msst.

C. MSST Heuristic Implementation

Our solution is implemented by the function
per formMSST in Algorithm 6, which receives as
input the execution time B; of a candidate P; ; and the target
interval I to be tested. The data parameters used by the
algorithm are A!°!, the set of the A? parameters, and the
number of cores m. This function returns a boolean variable
indicating whether it was possible to assign the candidate
P, ; to Ij; or not, as well as the updated values of A" and
AZ Ve, for the next state s of I;. The values of A% Vz,
are stored in the set AT, Next we explain the computation
steps performed by function per formMSST.

Step 1. Check that A% > B; (line 3) and then check that
A1 BJ"b (lines 4 and 5). If both conditions are satisfied,
that means We have at least one core with sufficient available
CPU time to execute the F; ;, so we can set the boolean
variable partition_schedulable < T RUE in line 6.

Step 2. Compute A"th” and the L parameters by iterating

over all values of x (hne 7). We further divide Step 2 into
four sub-steps.
Step 2.1. Compute A2'"*", vz, and check if A" > 0 (line
8 and 9). If A(’ther = 0 it means no CPU tlme is available
in addition to A‘” for core x. In this case, it is not worth
continuing with the computation of the L parameters for core
x, because they are equal to zero. So here we have no choice
but to consume the CPU time available in the AY parameter,
which is updated according to Equation 15 (line 32).

AT, « AT - B (15)

By updating the value of A?, we know that at least one core
with sufficient processing time to execute the P; ; (remember
Step 1) exists. Hence, we stop looping over the values of
z (line 33) and proceed to Step 6 described later. For the
cases when A"th” > 0 (line 9), it implies that we can be
able to use the avaﬂable CPU time in the L parameters, thus
maximizing A? for the next state s + 1. To achieve this, we
proceed to Step 2.2, where we compute the parameter L")
,Vy < x, according to Equation 8 (lines 10 to 13). In Step
2.3, we compute the value of L, . .,Vz > x (lines 14 to
17) according to Equation 16. Since we do not know how
the value of Agfj;” is distributed among the L parameters,
we make an assumption that L, ,,Vz > x, is just below
B;, i.e, B; — 1. Through this assumption, we prioritize the
consumption of the CPU time available in the cores with
smaller values of x, because their L, , , will always contain
the largest CPU time reserves. This increases the possibility
of scheduling the P;; with larger B; values. Later in the
heuristic, we evaluate if this assumption was accurate or not.
We divide Equation 16 in two parts, to improve the accuracy
of the computation, by subtracting in the second part the sum
of the previously computed values of L , . from Agfg”.

min(B; — 1, A% if z =x + 1
z—1

N Leaw)ifz>z+1
k=xz+1

Vz,Vz > x, Ls,a:,z = min(Bi _ LAilfl;r

16)



By knowing the values of A"”’"T and L; ; ., Vz > x, we
proceed to Step 2.4, where we compute Lg 2y, Vy < x (lines
18 to 23). The computation method to try to maximize L  ,
is defined by Equation 17 (line 21). Here our assumption
is that in a worst case, the values of L, ,, Yy < x, are
equally distributed among the y cores. After the computation
of L, ,, for each y, we update the value of A;’ff;” (line 22)
by subtracting the computed value of L, ; , in each iteration
to improve the accuracy.

. Agfher ZVz>ac $,T,% max
Vz,Vy, Ls,z,y = max (mm ( ” s L,z y> )
a7
Step 3. Having computed the value of AOth” and of the
L parameters, next we decide how the A? parameters should
be updated, so that their value is max1mlzed for s + 1. The
three methods to update the value of the A? parameters are

defined by Equations 15, 18 and 19, and are implemented in
lines 24 to 30.

AT AT (18)
(Bz - Ls,a:,l); 0) (19)

The first part of the condition in line 24 checks if compu-
tation of the L parameters was optimistic, i.e., if Equations
12 and 13 are violated. In that case, we don’t have a safe
bound, so we take a conservative approach and update A%, ,
according to Equation 15. The second part of the condition in
line 24 checks the special case for z = 1, because Ly ;1 = 0,
which implies that ZVZ>$ 8,2,2 AOth” thus violating
our assumption in Eq. 16 that Lg 2 18 always smaller than
B;, Vz > x . Hence we have no choice but to update A,
according to Equation 15. If the conditions in line 24 do
not hold, we test in line 27 Equation 12 for x > 1 and
Ly 1 < B;. If this happens, it means that we have CPU
time available in the L, ,; parameter, which will always
have the largest CPU time reserve among all L, ; ., but it is
not sufficient to completely execute the P; ;. So we update
A%, according to Equation 19, where we first consume
all the CPU time available in the L, ; parameter, and the
remaining we take it from A?, but always ensuring that the
term A7 — (B; — L, ;.1) does not lead to a negative value of
AZ. Finally, if no in lines 24 and 27 hold true, it means that
we have sufficient CPU time available in at least one of the
Ly .., parameters, hence we can safely keep the values of A%
for the next state s + 1, according to Equation 18.

Step 5. After computing the A7, | parameters, Vz at state s,
depending on the value of B;, nothing prevents the case where
AP | — B; < AL |, ¥p,q € [1,m], with p < ¢. If this case
would happen, this would imply that A? i1 < Al 11, which
would be a violation of the constraint defined by Equation 14.
Therefore, to prevent this situation from happening, we define
a reordering function that reorders the computed values of
A%, 4, Y, in descending order, named SortDescending() (line
35). This function takes as input all computed values of A%,
and outputs the reordered values to be used for state s + 1,
which are stored in the set A7, ,.

Step 6. In this final step we update the value of A%? for the
next state, according to Equation 20 (line 36). Once this final
update is performed, we return variable partition_schedulable
equal to TRUE or FALSFE (line 37), and the computed
AT

list*

A7, < max (A7 —

APl At — B; (20)
V. EXPERIMENTAL RESULTS

In this section, we discuss the experimental results to

evaluate the effectiveness of the proposed work. As explained

in [22], due to the NP-hardness of the general periodic

scheduling problems, it is a common approach to compare the

performance of heuristic solutions against formal approaches
that obtain optimal solutions (e.g., ILP, SMT, or CP). This
approach allows us to estimate the quality of the heuristic
solution compared to the optimal solution. To the best of our
knowledge, we are the first ones to compare with [24].
Experimental Setup: Our framework is implemented in a
simulation environment that runs on Ubuntu 16.04 running
on an Intel® Core™ i7-6700K CPU 4.2 GHz with 64GB
RAM. For the default configuration, we generated synthetic
data sets with the following parameters: m = 16, 60 IMA
applications per application set a,, with non-harmonic periods
T; randomly chosen from [10; 20; 30; 50; 60; 90; 100] *
1000. The applications’ utilizations (u;) are randomly chosen
between 10% and 50% according to a uniform distribution
using the randfixedsum [27] algorithm. The B; of each o
was computed as B; = T; x u;. A random offset O; was
assigned to each application in relation to the start of 7;
such that 0 < O; < T;. For each run, the same input data
sets were provided to the proposed heuristic framework and
the CP approach in [24], using CPLEX optimization studio.
We also defined a threshold timeout ¢,,; of 4 hours, i.e., the
maximum time allowed for both approaches to find a solution.
This is a common practice [24] as the solving time for the CP
approach can drastically increase with the search space, so,
the threshold limits the maximum time to find the solution.

We compare the proposed approach against the existing CP
approach [24] by evaluating the schedulability ratio, i.e., the
percentage of application sets deemed schedulable, average
solving time, i.e., the average time required to find a valid
schedule, and varying the number of cores. In all the exper-
iments, our approach is marked as "OUR" and the existing
approach of [24] is marked as "CP". In all the experiments,
the x-axis represents the total application set utilization uso¢.

1. Schedulability Ratio: In this experiment, we vary the total
application set utilization wuy,; in the range [50%, 100%] with
a step size of 5% and evaluated the schedulability ratio using
the proposed framework and existing CP-based approach [24]
as plotted in Figure 3a. We can see in Figure 3a that the
schedulability ratio using both approaches reduces with the
increase in uy,. This happens because the increase in oy
results in an increase of the u; of each «;, which increases
B; as B; = T; x u;. Consequently, there is an increase in
the system workload, which degrades the schedulability ratio.
However, we can see in Figure 3a that the proposed approach
was able to schedule up to 46% more applications compared
to the CP approach [24]. This gain is mainly observed
because, for most of the runs, the CP solution could not find
a solution within ¢,,; = 4 hours for the default configuration,
ie., m = 16 with 60 IMA applications, whereas the solving
time for the proposed approach was mostly within the %,
limit. We observed that the gain of the proposed approach over
the CP approach increases significantly for a higher number
of cores, e.g, m = 32, but we have not reported it in the paper
due to space constraints.

2. Average Solving Time: In this experiment, we evaluate the
average solving time in relation to the u;,; considering default
configuration. For this, we varied wu;,; in the range [50%,
100%] with a step size of 5% and plotted the resulting average
solving time using the proposed approach and CP approach
in Figure 3b. For this experiment, to plot each point, we only
consider the cases in which both approaches were able to find
a valid schedule, e.g., if out of 100 runs, an approach can find
a valid for only 30 runs, we take the average solving time for
those 30 runs. This is the reason that the average solving
time for both approaches does not significantly increase with
the increase in the wu.,; value as shown in Figure 3b, since
the number of successful runs diminishes as the workload
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Fig. 3: Experimental Results

increases. Nonetheless, it presents a big picture of the average
time consumed by both approaches to find a valid schedule.
We can see in Figure 3b that for the successful cases, the
proposed approach was generally able to find a solution 10x
faster than the existing CP solution.

3. Number of Cores and IMA applications: In this exper-
iment, we redo experiment 2 by varying the value of m and
IMA partitions as m = 4 with 20 IMAs, t,,; = 10 minutes;
and m = 8 with 40 IMAs, t,,+ = 10 minutes. The average
solving time for successful runs using both approaches is
plotted in Figure 3c. We can observe in Figure 3c that
the difference between the proposed approach and the CP
approach is marginal because the existing CP approach can
efficiently find a solution for a smaller search space.

VI. RELATED WORK

The multiprocessor scheduling can be broadly categorized
into event-driven scheduling, i.e., scheduling decisions are
made at run-time based on different parameters, and TT
scheduling, i.e., a system-level schedule is constructed at de-
sign time which is then enforced at run time, (see surveys [21],
[22]). The TT scheduling is proven to be more predictable,
as the schedule is constructed at design time so the precise
information of each event that will take place at run time is
known at the design time. As a consequence, TT scheduling
is preferred for designing safety-critical systems (e.g. avionics
control systems) due to higher predictability. It also simpli-
fies the process of design, verification, and (re-)certification.
Furthermore, designing such systems requires strict space and
time partitioning among applications of different criticalities
executing on the same platform, as mandated by the ARINC-
653 standard. Such partitioning ensures sufficient isolation
between applications of different criticalities (possibly run-
ning on different cores), in such a way that they can be
modified/upgraded independently, thus minimizing the system
re-certification costs. Considering this, a plethora of works
in the literature [6]-[8], [14], [17]-[19], [22], [24], [28],
[31] focus on building solutions to generate TT schedule for
tasks/IMA applications on multicore platform.

Xu et al. [31] presented a scheduling algorithm based
on a branch and bound heuristic to find a feasible non-
preemptive schedule on M identical processors. However, in
contrast to the proposed work, the work in [31] does not
comply with the specifications of ARINC-653, which requires
a static allocation of IMA partitions to cores. Deroche et
al. [7] proposed an exhaustive branch-and-bound heuristic
based approach to build a TT schedule for IMA applications
running on multicore platform. Even though their solution is
important, it suffers from the problem of scalability as their
approach does not scale well for systems with a large number
of avionics functions distributed in a limited number of pro-
cessors. To overcome this challenge, in their subsequent work,
Deroche et al. [8] propose an improvement by eliminating the
backtracking during the decision tree search process, using a
greedy heuristic. To achieve this goal they choose the most
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promising valid MAF set in each node of the search tree,
based on a metric that takes into consideration the margin of
a communication chain, which is the difference between the
chain end-to-end delay constraint and the current delay of each
chain. The authors performed a comparison with the exhaus-
tive (optimal) approach from [7] and showed improvement in
terms of solving time. Although their approach is efficient,
it is limited to IMA partitions with synchronous harmonic
periods, which is a much less complex problem than the one
we are trying to solve (i.e., non-harmonic asynchronous case).
Furthermore, contrary to our approach, the solution from [8]
does not consider the migration of tasks among cores.

Other existing approaches use Constraint Programming
(CP) or Integer Linear Programming (ILP) to build a TT
schedule of IMA partitions [4], [10], [23]-[26]. Among all
these approaches, the solution in [24] is the closest to the
proposed work in terms of contribution and assumptions.
Puffitsch et al. [24] presents a CP approach for the gener-
ation of TT schedule of real-time dependent periodic non-
preemptive asynchronous task sets on multi/many-core plat-
forms for IMA systems. Their solution considers a) prece-
dence constraints between partitions of different IMA appli-
cations; b) spatial mapping of IMA application to cores; and
¢), mapping of communication buffers in the message passing
area. Even though the existing CP-based approach [24] can
efficiently find a solution for a relatively smaller problem,
it does not scale well with the increase in the search space.
If a valid TT schedule is not found by an approach within a
reasonable time, it will directly impact the schedulability ratio
as the taskset will be deemed unschedulable if the schedule
cannot be found within a reasonable time. As reported in
Section V (see Figure 3a), even with 4 hours of threshold
limit, the proposed approach outperformed approach [24] by
improving the schedulability ratio up to 46%. Furthermore,
the work in [24] uses commercial constraint solver [3] which
is limited to internal undisclosed search algorithms. Our
tool on the other hand offers many possibilities for future
improvements, such as the adoption of different strategies to
traverse Pyrqph, Lgrapn. and scheduling strategies.

VII. CONCLUSION AND FUTURE WORK

In this paper, we proposed a novel heuristic framework for
configuring and generating IMA-compliant schedules which
is efficient in terms of finding a valid schedule, scalable to
a large number of IMA applications, and efficiently utilizes
the computing platform. The experimental results reveal that
our solution can outperform the state-of-the-art CP solution
by [24] in terms of solving time, memory usage and does not
perform significantly poorly compared to the CP-based opti-
mal solution. In the future, we plan to extend our framework
to a) include precedence relations between partitions; and b)
consider synchronization of access to system I/O resources by
mapping the I/O partitions to a dedicated I/O core.
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