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Abstract—Centralised servers provide on-demand resources
to process offloaded workloads from computing nodes. While
server-based computing has been successful for applications with
soft timing constraints, it falls short for safety-critical real-time
systems with hard timing requirements. To bridge this gap, we
develop a job-level admission test to satisfy the requirements
for real-time applications deployed on a server by extending the
“(M, K)-firm weakly hard” model to server systems, ensuring
timely processing of server requests. We introduce an admission
policy to regulate the workload and prevent deadline misses while
attempting to admit more requests than the minimum required by
the initial (M, K) constraints. The admission policy is designed
to allow an optimal resource allocation to applications deployed
on the server.

Index Terms—Server-based systems, admission policy, worst-
case response time analysis, arrival curve, real-time systems

I. INTRODUCTION

Server-based platforms are centralised resources, commonly
used for handling tasks like data processing, allowing end
nodes to access computing resources easily. Applications like
object recognition in self-driving cars [2] and unmanned aerial
vehicles [3] utilise server-based computing where end nodes
can offload their computation to a server (e.g., the cloud) [4].

Server-based architectures can be employed in real-time
tasks (applications), where end nodes send requests to the
corresponding tasks hosted on the server, exploiting a more
powerful computational platform than the platform of the end
nodes (often a micro-controller), hence allowing tasks to finish
faster. Arrival curves [5] are commonly used to provide a
generic model for the arrival of these requests in server-based
systems to model a wide class of arrival patterns including
sporadic, bursty, and periodic arrivals with release jitter, as
the incoming requests do not necessarily arrive periodically
(due to communication overheads between the end node and
the server). Hence, server-based systems may not be able to
guarantee hard deadlines, as they can be overloaded by a
bursty arrival of requests from multiple nodes. To avoid such
a situation, there is a need for a runtime admission policy
to decide whether a new request should be admitted to the
server or sent back to the end node. If admitted to the server,
the request must meet its deadline under any future arrival
scenario. Rejected requests initiate a fallback scenario on the
end node, e.g., execute with reduced quality.

To ensure that end nodes do not suffer from frequent
rejections and that the server fairly supports all applications,

I'This work is an extension of our work-in-progress paper at RTAS’24 [1]).

we adopt the (M, K) weakly-hard model in the admission
policy. The server guarantees to process at least M out of
any K consecutive requests and meet their deadlines. Once a
request to an application (task) is admitted it becomes a job
of the corresponding task.

Our policy ensures four conditions: (i) the weakly-hard
constraints must be met, (ii) the selection of M out of
K requests should minimise the required resources on the
server considering that requests of different tasks arrive to the
server with their own arrival curves, (iii) if the server cannot
guarantee a request’s timing constraint, it has to reject the
request at its arrival time so that it can execute on the end
node (e.g., using a fallback scenario), and (iv) all admitted
requests on the server must meet their deadlines.

These conditions have been separately addressed in many
works. For instance, various methods have been proposed to
classify jobs of (M, K) tasks as mandatory and optional [6]—
[11]. These, however, consider periodic or sporadic tasks and
not generic arrival patterns. Some works followed the same
idea using strategies like Markov-chain modelling [[12]] and
the Chinese remainder theorem [13] to classify the jobs at
design time. These not only have a long runtime, rendering
them impractical to be used in an online admission policy, but
also consider only periodic/sporadic tasks. Another method is
the distance-based priority assignment (DBP) technique [14]-
[18], where more generic arrival patterns such as Poisson
distributions are considered. However, these methods cannot
guarantee the deadlines of admitted jobs.

Some studies address the problem of bounding deadline
misses for tasks with arrival curves [[19]-[26]]. Typical Worst-
Case Analysis (TWCA) [19]-[24] is an approach to limit
the number of jobs missing deadlines under weakly-hard
constraints. However, these studies lack a runtime policy and
thus do not predict if a job will fail to meet its deadline upon
arrival. In short, none of the above-mentioned works satisfy
all the conditions necessary for our problem.

This paper. We propose a job-level admission policy that
ensures (M, K)-firmness and deadline constraints of tasks
described by arrival curves, while minimizing the required
number of cores. Our admission policy decides about the jobs
upon their arrival. Rejected jobs are executed on end nodes
(using a fall-back solution).

We employ periodic reservation servers, which are easy to
analyse and have static behaviour. This allows isolation among
the tasks to reduce interference, protecting task executions
against potential overruns of other tasks, and therefore, achieve
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Figure 1: Overview of our framework at runtime

a more predictable timing behaviour. We use partitioned
Earliest-Deadline-First (EDF) scheduling for a high per-core
resource utilisation, to prevent migration overheads, and to
improve schedulability [[27]]. Our contributions are:

o A method to determine the minimum number of cores
for a server to uphold (M, K)-firmness constraints where
requests for each task follow their own arrival curves.

« A low-overhead online admission policy (whose runtime
is within a few microseconds), minimising the required
number of cores while ensuring that admitted requests
meet their deadlines.

Our evaluations show that our admission policy can admit
more than M out of K jobs and its runtime is very small
(70us on average) even for task sets with 25 tasks.

II. SYSTEM MODEL AND PROBLEM DESCRIPTION

1) Overall system architecture: We assume a server-based
architecture with (i) a multicore server that can execute a set
of predefined tasks (specified at design time) upon request and
(i) end nodes with limited resources. At runtime, end nodes
send requests to the server trying to execute their tasks on the
server’s resources instead of their local resources (see Fig. [I).
We call each request a job.

This work assumes that each task is deployed independently.
Moreover, jobs are considered independent, single-threaded,
and capable of concurrent execution under a preemptive
scheduling policy. The jobs are transmitted through a reliable
network. Upon receiving a job, the server decides on admission
or rejection. Admitted jobs must complete before their dead-
lines. Admission must respect weakly-hard constraints. Jobs
that are rejected (by the server) have to be executed locally on
their end nodes, potentially with degraded quality. The fallback
scenarios on the end nodes are not considered in this work.

2) Resource model: We model the resources in the server
as m homogeneous CPU cores.

3) Workload model: We assume asetT' = {71, 72,..., 7}
of n weakly-hard real-time tasks that might need to
be executed on the server. A task 7; is a tuple
(o ,Cme® D, (M;, K;)), where o is the upper arrival
curve, i.e., the maximum workload that may be sent to the
server (see Sec. , C7"** is the worst-case execution time
(WCET) of the task (including memory contention), and D;
is the relative deadline of the jobs. M; and K; define the
weakly-hard constraints of the task, namely, at least M; jobs
out of any K; consecutive jobs that arrive at the server must
be executed on the server and meet their deadlines. We assume
that the (M, K) constraints are given, and there are sufficient
resources available in the end nodes to process K — M jobs.

4) Workload arrival model: We assume that the maximum
workload that task 7; can send to the server follows an
arrival curve, a flexible way to represent a wide class of
known arrival models such as periodic, sporadic, bursty, and
irregular arrivals. An arrival curve is denoted by a function
o : R2Y — R29 with o (A) representing the maximum
workload of task 7; (maximum number of jobs times WCET)
that can arrive in the server in any time interval of length A.

5) Representing arrival curves: According to [28], an in-
finite arrival curve can be described by a (possibly empty)
irregular finite curve, denoted by «;, defining the beginning
of the arrival curve up to interval A, followed by a regularly
repeated curve (denoted by ay). In the regular part, in each
repetition, N, x C"%* amount of workload (N, jobs) can be
emitted in an interval of A,, the period. The first occurrence
of the regular part starts at (Ag, Ny x C"™%) (a point on the
curve corresponding to the workload of N, jobs).

Arrival curves are generally assumed to be step functions.
That is, for & € N, both «; and o, can be expressed as

wo 0§A<A1,
alA)y=1<...
wr Ap_1 <A <A

where the wy, are constant values.

6) Job model: A request to a task 7; is called a job. It has
an absolute deadline d derived from the time of the request
and relative deadline D; of the task and it has a WCET C7"”.

7) Scheduling and execution models: A periodic server
(PS) is assigned, specifically, to each task. Each server rep-
resented by S; is characterised by a pair (P;,Q;), where
P; is the period and @; is the budget of the server. The
servers do not overrun their budget. We assume the worst-
case context-switching overhead for preempting a server by
higher-priority servers, represented by O.. We consider this
constant overhead each time a server is preempted, according
to the model presented in [29], [30].

8) Problem description: Our goal is to propose an ad-
mission policy that strategically selects jobs to admit while
respecting the (M, K)-firmness constraints of the tasks, guar-
anteeing that all admitted jobs are completed before their
deadlines, and using a minimum number of cores.

9) Overview of the solution: The primary challenges in this
work are (i) the strategic selection of jobs to be admitted for
each task, aiming to minimise resource consumption while en-
suring the admission of at least M out of every K consecutive
jobs (see Sec. ; (i1) the allocation of a PS with minimum
utilisation to each task, ensuring meeting the deadlines of
admitted jobs (see Sec. [[V), and (iii) scheduling the resulting
PSs, according to the partitioned EDF scheduling policy with
the least number of cores possible (see Sec. [[V-B).

III. ADMISSION POLICY OF (M, K)-FIRM TASKS

We introduce an online admission policy that admits jobs
according to a static periodic admission sequence, represented
by a finite binary sequence. This sequence classifies jobs



into mandatory and optional (‘1’ and ‘O’ in the sequence,
respectively). This classification is performed once, at design
time. Mandatory jobs must be admitted, whereas optional jobs
can be rejected. At run-time, we keep track of free processing
time (FPT) which results from the slack between the actual
completion time of jobs and their worst-case completion time
to opportunistically admit some of the optional jobs if their
deadlines can be guaranteed from the current FPT.

Definition 1 (Admission Policy). Given a binary admission
sequence (, upon the arrival of a job, admit the job if it
corresponds to a ‘1’ in sequence (. Otherwise, admit it if
the current FPT is at least equal to the WCET of the job;
otherwise, reject it.

In this section, first, we derive an optimal sequence for task
7 such that at least M jobs out of any K consecutive jobs
of a task 7 are admitted to the server while minimising the
amount of resources required by task 7. Subsequently, we need
to determine the least upper bound on the admitted workload
(called admitted workload curve) to facilitate resource alloca-
tion for task 7, at design time. Finally, we introduce F'PT and
a method to track and use F'PT to admit optional jobs.

A. Deriving an optimal (M, K) sequence of jobs

The goal of this section is to select the set of M jobs of
task 7, such that the amount of resources allocated to task 7 is
minimised. We achieve this by minimising the workload that
must be admitted to the server, within any given interval.

Selecting the M jobs evenly across the K jobs will reduce
the maximum amount of admitted workload in any interval
during a burst (of jobs of the task), regardless of when the
burst occurs (see Lemma [2] for the proof of the effectiveness
of this method). We show this idea with an example.

Example 1. Consider a periodic arrival curve in which the
task releases two jobs at the same time with a period of 5ms
and a deadline of 5ms. The task has C"™** = 1ms and an
(M, K) constraint with M = 2 and K = 4. This constraint
allows us to reject at most two jobs per any four incoming
jobs of this task. The following are two possible scenarios.
First, we repeatedly admit and reject two jobs. Second, we
repeatedly admit and reject one job, as shown in Fig. [[a).

In the first scenario, the PS is required to provide a minimum
service of 2ms per dms to meet the deadline of the jobs.
However, in the second scenario, the minimum required service
to meet the deadline is reduced to 1ms per dms.

We characterise the rejection and admission of K consec-
utive jobs by a static binary sequence of length K, where ‘0’
means possible rejection and ‘1’ means mandatory admission.
This sequence is denoted by ¢ = (¢1,(a,...,Cx) € {0,1}5.
The sequence is repeated for the next K consecutive jobs, and
so forth, as shown in Example

Example 2. Consider task T with an (M, K) constraint with
M =3 and K = 4 and admission sequence ‘1011". Fig. 2[b)
illustrates 8 consecutive jobs of task T and the assigned bits
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Figure 2: (a) A balanced admission policy reduces the peak task
utilisation, (b) Assigning an admission sequence to incoming jobs.
(black and red arrows illustrate the arrival and the deadline of a job,
respectively)

according to its admission sequence. Jobs Jo and Jg are
rejected; the remaining jobs are admitted.

Our goal is to construct an optimal admission sequence (op¢
such that it minimises the maximum number of ones in any
word of length 2 to length K. Let ¢ : k : [ be a word of length
k of sequence (, starting at position [ (the starting position of
the word can range from 1 to K), and > (¢ : k : ) be the
number of ones in such a word. (,p; is optimal if, for all
sequences ( of length K containing M ones and for all &, it
satisfies the following:

(Copt 23 1) < max > (C ik ).

max
1<I<K

)

To distribute the M ones evenly, we assign (opr,, = 1 for
any k € ind(M,K) and (., = 0 otherwise, where we
compute ind(M, K) as

; 1K )

md(M7K):{{M-‘+1'O<Z<M}. ()
Example 3. Consider task T with a (2,5) constraint. We
construct an optimal sequence (op for this task, according

to Eq. @). Since ind(2,5) = {1,4}, (ope = (1,0,0,1,0).

Lemma 1. A sequence (o that is assigned ones according
to the indices computed in Eq. @) satisfies Eq. (I).

Proof. We sketch a proof that any word of length k of any
sequence ¢ of length K with M ones has at least as many
ones as any word of length k in (opt.

According to Eq. (@), the shortest word in (,;, containing
n ones is L(n) = 1 + min, [W — [4£]. Using i =
M — (n—1), we find the following upper bound: L(n) < 1+

(n;})KJ . We can further show that this is also a lower bound

on L(n). Let a,b,c,d € N be such that iK = aM +b+ 1,
(n—1)K =cM+dand 0 < b,d < M (such a,b,c,d
exist according to Euclid’s division lemma). Then we show
that [%—‘ — [%W > V"*TDKJ Thus, L(n) > 1+

{WJ Together, it follows that L(n) =1 + % :
We proceed to prove that any sequence ¢ such that for some
n € N, L((,n) > L(n), where L(¢,n) is the length of the
shortest word in ¢ containing n ones, cannot be (M, K), by
contradiction. Let ¢ be an (M, K) sequence. Then, in any word



30 4 (Asts XCmaX)
- p 1 S VRS SOOI ... 1. < SN
T R e e —
g 20 A
End, W e [ B e
I A et s R S
U 4 ped e
e u; e '
a Pl B 1Y
: i

23 25 30 35
(A5, N's X CT7%)

Figure 3: Deriving admitted workload curve in Example

of length L(n), ¢ has strictly less than n, so at most n—1, ones.
Consider a word of length L(n)-K. So ¢ has at most K -(n—1)

ones. We show K - (n — 1), using L(n) =1+ % , t
be strictly smaller than M - L(n), the number of ones needed

to be (M, K). Thus, ¢ cannot be (M, K). O

B. Deriving the admitted workload curve

Suppose that we admit only the mandatory jobs following
the sequence derived above. We derive a admitted workload
curve, denoted o', which represents the maximum workload
of the task 7 that must be admitted in any interval of time. It
is derived at design time. Fig. E], where C™** = 2, K =5,
and M = 2, shows an example. To derive o/ for a task with
arrival curve o, we must find, for any [, the minimum interval
of time A, in which a given amount [ x C"** of workload for
| jobs must be admitted, i.e., A; = min{A € RZ% | o/(A) =
I x C™e*} E.g., in Fig. 3| the minimum interval in which 3
jobs are admitted is 8.

For any [/ admitted jobs, we must compute the shortest word
of (op: including [ ones. Then, the minimum interval during
which such a sequence arrives can be derived from the arrival
curve. Therefore, we compute the shortest word containing [
ones which for (¢, see the proof of Lemma |1} is as follows.

K

WL(l) =1+ {(l I)MJ 3)

Using (), we obtain the minimum interval of admitting [
jobs as A; = min{A € RZ? | a(A) = WL(I) x C™=},

Alg. [T] computes an admitted workload curve. We describe
the admitted workload curve, similar to the arrival curve (see
Sec. [[I-4), by an initial irregular part and a regular part starting
at some point A’, NI - C™* with a period of N/ - C"™%*.
Alg. [1] iteratively calculates an interval for /N admitted jobs.
It continues until we complete the irregular part and one
repetition of the regular part of the admitted workload curve
(a’). We construct the rest of o by repeating the regular part.

Therefore, the search for new A’ values in Alg. [I| continues
until WL(N) < H with H = Ny + LCM(N,, K), where
N, is the period of the original arrival curve, N, is the
maximum number of jobs that can arrive following a non-
repetitive pattern, K is the length of the admission sequence,
and LCM (N,, K) is the least common multiple of K and
N,, that is, the hyper period of the arrival curve and the
sequence length. For example, in Fig. [3] the irregular part

Algorithm 1: Deriving a admitted workload curve

Input :
o the arrival curve of task T,
(M, K): firmness constraint,
Cc™e**: WCET of task 7.

Output: o : the admitted workload curve
1 N, N: derived from the arrival curve
2 N«+1
3 H+ Ng+ LCM(N,, K)
4 obtain WL(N) from Eq. (3)
s while WL(N) < H do
6 | A+ min{A|«a(A)= WL(N) x C™m=}
7 o/ (A") « N x gmox
8 N+ N+1
9 obtain WL(N) from Eq.

ends at A = 8 and the period of the regular part is 15. Let
LCM(Ny, K) =14 X Ny =1 x K be the hyper period of
the arrival curve in which we can reject nx x (K — M) jobs.
Hence, we can compute the period in the admitted workload
curve as N/, = 1y X Ny — g x (K — M).

Suppose that at the end of the algorithm, NV, is the value
of N, that is to say, the admitted workload curve is derived for
workload up to Ny, x C™*. The derived admitted workload
curve contains the irregular part and one repetition of the
regular part. Thus, the starting point of the regular part in
o' is computed as N, = Nyt — N/, and A, = A,.

Example 4. Let us consider the arrival curve given in Fig.
for task T in Example |3| We derive the admitted workload
curve following the procedure in Alg. [I} From the arrival
curve, N, = 1 and Ny = 6. Hence, H = 6+ LCM(1,5) = 11
jobs (a workload of 22 on the y-axis). Considering that
LCM (Ny, K) = 5, and 3 jobs per hyper period are rejected,
we compute the N, =5 — 3 = 2.

We initially set the value of N = 2. The shortest word
containing two ones, has a length of 3 (Eq. (3)). Hence, Ay =
min{A | a(A) = 3xC™**} = 2. In the next step, we increase
the value of N to 3. The shortest word containing three ones
has a length of 6. Hence, A3 = 8. Again, we increase the value
of N to 4. The shortest word containing four ones has a length
of 8, i.e., Ay = 14. In the last step, the value of N is set to 5
and the shortest word containing five ones has a length of 11.
That is, A5 = 23. We cannot increase the value of N because
the WL has reached the maximum value, i.e., Nio;y = 5. At
this point, we compute N, = Nyt — N, =5 —2=3.

Lemma 2. The admitted workload curve derived from Alg.|l|is
the least upper bound on the workload that must be admitted.

Proof. (i) According to Lemma [I] the generated sequence in
Sec. ensures the property in Eq. (I). According to this
property, the number of jobs that must be admitted in any
sequence of the incoming jobs is minimised. (ii) Moreover,
line 6 of Alg. || guarantees that for any word length only the



smallest A’ (the minimum interval) is added to the admitted
workload curve, because we search for the shortest sequence
of incoming jobs. (i) and (ii) result in the least upper bound
on the workload that must be admitted. O

C. Opportunistic admission of optional jobs

The occurrence of the WCET is not always a certainty.
Hence, we employ a runtime strategy to benefit from potential
opportunities, where jobs have shorter execution time than
C™%_ That is to say, the jobs may finish their execution
earlier than the WCET, which frees some processor time
between the actual completion time (C7T') and the worst-case
completion time (C'T™""). When the processor becomes free,
the generated free processor time is CT™%" — C'T. This free
time gradually decreases over time with a slope of —1 and
finishes at CT™**. We use this free processor time (denoted
as F'PT) to schedule optional jobs. If the generated FPT
exceeds the WCET of an optional job .J, we allocate that time
to job J and admit the job. Part of the F'PT is then consumed
(FPT will be updated as FPT — C™%%),

Note that the optional jobs cannot endanger the deadlines
of any mandatory jobs, because the free processor time that
they occupy cannot be bigger than the anticipated interference
from mandatory jobs extending to their worst-case completion
time CT™*.

Example 5. Consider a full core allocated to a task T with
C™% = 5. The admission sequence of this task is derived
as ‘1110°. Assume four jobs of this task {Ji,Ja,J3,Ja}
arrive in the system, where, according to the sequence, Jy
can be rejected and the rest must be admitted. Jy,Js, J3
arrive at times 0,1,2 and have the actual execution times
of Ch1 = 3,0y = 2,C3 = 2.5, respectively. First, we show
the changes of FPT over time, considering that no future
jobs arrive. Then, we show the same diagram for the FPT of
different scenarios, where Jy with an actual execution time of
4 can arrive at times 2.5,4,6,8,11.

(i) When Jy arrives in the system, it is scheduled on the
core. The processor is free and FPT = O at this point. The
worst-case completion time (which is computed considering
the job starts as late as possible and has the WCET) of
this job is 5. Then, Jy arrives at time 1 and Js arrives at
2. Job Ji is finished at 3 and Jo is scheduled immediately.
This generates a FPT of 2. Since the core is not free, FPT
does not change. Then, at 5, Jo is completed. The FPT of
the processor is now changed to 5, and Js is immediately
scheduled. Again, FPT does not change since the core is
not free. At time 7.5, Js is completed, which increases the
FPT to 7.5. The processor is free afterwards; hence, the FPT
decreases and finally becomes zero at time 15 (the original
worst-case completion time of the three jobs) (see Fig. @{a)).

(ii) If Jy arrives at 2.5, the FPT is still 0, i.e., there is
not enough processor time to be granted to Jy; hence, Jy is
rejected. If Jy arrives at time 4, FPT = 2. The processor time
is still not sufficient; hence, Jy is rejected. If J, arrives at time
6, FPT = 5, which is equal to the WCET of J4; hence, Jy4
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Figure 4: Tracking FPT on a processor in Example |5} (a) FPT of
jobs {J1, J2, J3} (b) when Jy arrives at 6, (c) when J4 arrives at 8.
(d) Tracking F'PT from Example |§| on a PS with (P,Q) = (4,3)

consumes the FPT, is admitted and will be scheduled after
Js. The FPT becomes 0 at this point (see Fig. B(b)). If Ju
arrives at 8, FPT = 7, which is greater than the C"**; thus,
Jy is admitted and consumes FPT (decreasing it to 2) (see
Fig.[@c)). If Js arrives at 11, FPT = 4; thus, Jy is rejected.

Example 6. Now, consider a system where jobs of a task
are executed on a PS (with utilisation smaller than 1, i.e.,
it does not use a full core). Fig. @(d) illustrates the FPT of
{J1, Ja, J3} in Example @ on a PS with period P = 4 and
budget () = 3. Note that the FPT is depleted only when the
budget is available and no job is executed.

Proposition 1. If an optional job is admitted according to our
proposed admission policy (Definition[l), it meets its deadline.

Proof. We prove that for an optional job J from task 7 with
an arrival time of o7, WCET of C'[*** and relative deadline
of D (absolute deadline of d; = o7+ D), its completion time,
denoted by CT; is less than or equal to d;.

We prove this by contradiction, assuming that CT); > d ;.
According to our admission policy, an optional job is admitted
if the C7'** < FPT,, where FPT, is the current FPT
of task 7. FPT. reduces to O at CT};“”, the worst-case
completion time of job .Jy, the last admitted job before J.
Thus, CT; < CT7**. This results in CT7* > d;.

On the other hand, we know that J; meets the deadline
(denoted by dj,), ie., CT7* < dj,. Hence, dj, > d.



According to our definition of absolute deadline, o, + D >
o+ D, which leads to o, > 0. This means that Jy arrived
after J. This contradicts the assumption that .Jy arrived before
J, proving the claim that CT; < d;. O

IV. SCHEDULING (M, K) TASKS WITH PS

In our solution, admitted jobs of a task 7 execute within
a PS dedicated to that task. We characterise the PS such that
task 7 meets the deadline. Then we find the minimum required
resources to schedule a set of tasks with (M, K) constraints.

A. Deriving server parameters

A PS with period P and budget () may not have access
to the CPU during a time interval of length 2(P — Q) in the
worst case (namely, when two consecutive instances of the PS
are scheduled as far as possible from each other). Therefore,
the PS does not guarantee to provide any service in 0 < A <
2(P—Q). Furthermore, a PS (regardless of its priority) ensures
a service of A— (P —@) in any time interval of length A with
2(P-Q) <A< P+ (P—Q) (see [31] for more details).
The guaranteed service curve of the PS in any interval of A
is expressed by a periodic function with jitter of P — @, as:

ﬁ(P,Q)(A) — max (0’ {WJ Q,

a-r--[S=E= 2w -0).

“4)

where the second term expresses the case where the PS does
not provide any service when A < 2(P — @), and the third
term is for when A > 2(P — Q).

According to the real-time calculus (5], the WCRT of a
task 7 with an arrival curve a(A) that executes on a PS with
a service curve of 3(">@)(A) is upper bounded by:

Del(a, B) 2 sup{inf{5 > 0: a(\) < LD (A +6)}},
A>0
®)

where Del(«, ) is the maximum horizontal distance, called
delay, between the arrival and the service curves. Thiele et
al. [5] showed that the task 7 is schedulable if and only if
Del(a, 8) < D. Using (5), the minimum demand curve (3) by
the task to satisfy the deadline is computed as 5(A) = a(A—
D) VA € RZ%, where a(A — D) is the arrival curve delayed
by the relative deadline. According to [32]] and [33], the task
7 is schedulable on a PS S with service curve 3@ (A) if
and only if:

BPD(A) > B(A) VA € RZ, 6)

i.e., the service curve of the PS satisfies the demand curve of
the task. For details, we refer to [33]], [34].

1) Optimal budget: With respect to the schedulability of
the task 7, for a given period P, the optimal budget is the
minimum budget () that satisfies the inequality in Eq. (6).

2) Optimal period: For a given task 7, the optimal period is
the period that results in the minimum utilisation of PS, while
task 7 is schedulable. Considering the budget and the context-
switching overhead of the PS, namely O, the utilisation of the
PSis U = Q';OC, where 0 < U <1, or P > Q + O, which
indicates a lower bound on the PS period. To find the optimal
period of the PS, we search the values of P > O, and we
increase it by 1 unit of time (depending on the system, the time
scale can be us, ms, etc.). For each value of P, we compute
the minimum possible budget, according to Sec. and
then we derive U. The optimal period is where U possesses
the minimum possible value.

We do not need to search for the optimal period among
infinitely many values because PS has a jitter of 2(P — Q).
Hence, when we increase the period, if we increase the budget
at the same or lower rate, i.e., maintaining the same level
of utilisation or reducing it, the jitter also increases, i.e., the
service curve of PS falls below the demand curve. Hence, by
increasing the period, the required budget that maintains the
schedulability of the task increases at a higher rate, i.e., the
utilisation increases.

B. Scheduling a task set with (M, K) constraints

The output of the presented techniques in Sec. and
Sec. is a set of PSs, one for each task. We must
respect the (M, K)-firmness constraint and the deadline of
any admitted job. Therefore, the goal is to find the minimum
number of cores such that all the PSs are schedulable.

We derive the minimum number of cores (PS sets) needed
for the task set to be schedulable. By scheduling the tasks
with PS, the scheduling problem is interpreted as scheduling
of strictly periodic tasks, where the period and the budget of a
PS are considered as the period and the WCET of the task. We
employ the Worst-Fit decreasing algorithm [35]) to schedule the
PSs according to the partitioned EDF scheduling policy. The
Worst-Fit algorithm aims to decrease fragmentation on cores
by attempting to best utilise available resources.

V. CASE STUDY

In this section, we evaluate (i) the performance of the
proposed admission policy when the jobs do not necessarily
have the worst-case arrival or WCET, and (ii) the runtime
of the admission policy. The optimality of the admission
sequence, PS parameters, functionality of the admission policy,
deadlines guarantees and weakly hard constraints guarantees
are theoretically proved throughout the paper. Our experiments
are based on a medical imaging use case described in [36].

This use case considers a scenario in which a hospital uses
a cloud connection to its medical imaging equipment. This
enables surgeons to request the latest updates, such as 3D
image processing analysis, during treatment from the cloud
to gain additional insight into the medical procedure at hand.
Ensuring the safety and performance of complex cloud-based
image processing is crucial for live image-guided treatments.
Cloud processing must be quick and efficient to avoid delays
for the surgeon and patient.



In this particular case study, the medical imaging device is
the end node. The application is crucial during image-guided
therapy, so if there is a temporary disruption or failure in the
cloud service, the surgeon must be able to switch back to the
device and perform the image processing with lower accuracy.
Hence, an (M, K) constraint is required to maintain a certain
quality of service by limiting the number of image processing
jobs that must be performed on the device itself.

A. Input data

We obtained our arrival patterns and cloud workload pro-
cessing times from our industrial partner. To evaluate the
performance of our approach against various systems, we
created variations of those numbers within reasonable ranges
and generated a set of tasks and jobs. Each treatment may
take between 20 to 40 minutes, during which the surgeon
sends requests every 5 to 15 minutes. The WCET may vary
according to the type of image processing.

1) Taskset generation: We considered task sets with n =
5, 10, 15, 20, and 25 tasks and examined nine configuration
points, where each point represents C™** / D with the deadline
D of a task selected. We generated 50 sets of tasks for each
configuration point. The minimum inter-arrival times were in
the range [1, 5] minutes, the maximum inter-arrival times were
5 to 10 minutes larger than the corresponding minimum inter-
arrival times, and the WCET (C"™%") was in the range [1, 5]
minutes. To ensure that a task is schedulable on a single core,
the C"™** of the task must be less than or equal to its minimum
inter-arrival time. We set a K of 10 for all the tasks and M
is randomly chosen from 5 to 10, considering that M = 10 is
the highest quality of service (highest accuracy of 3D images)
and M = 5 is the lowest quality of service (lowest acceptable
accuracy of 3D images) that the user (hospital) expects.

2) Job set generation: To perform the experiments during
runtime, we generated a set of jobs including at least 200
jobs per task following the arrival curve of its corresponding
task. We draw a random arrival time for a job, between the
minimum and maximum inter-arrival time of the correspond-
ing task. The arrival of the first job is the generated number
and for the next jobs, the generated number is the distance
between the newly generated job and the previous job. The
execution time of the job is randomly selected in the interval
of [0, C™?*] of the corresponding task.

B. Runtime Evaluation

1) Experimental setup: We simulated a model of our real-
time system, PSs, and admission policy using Python 3.11.0 on
an z64-based Linux machine, Intel :7-9750H CPU operating
on 2.60GHz, and 16GB RAM.

2) Evaluation criteria: As we mentioned in Sec.
the arrival of the workload does not necessarily follow the
upper arrival curve. Hence, the amount of admitted workload
at runtime can be higher than M out of K consecutive jobs.
In our experiment, we measure the acceptance ratio, which
is the average number of admitted optional jobs (jobs that
were originally supposed to be rejected) per total number of
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Figure 5: Runtime of the admission policy (in microseconds) per
(a) WCET/deadline ratio, (b) number of tasks, acceptance ratio of
optional jobs per (c) WCET/deadline ratio, (d) number of tasks, and
number of allocated cores to each task set per (¢) WCET/deadline
ratio, (f) number of tasks

optional jobs for each task. Also, we measure the runtime of
the admission policy for each job.

3) Evaluation results: Fig. E[a) and (b) illustrate the av-
erage runtime of the admission policy to assess one job as
a function of the WCET/deadline ratio and number of tasks
in a task set, respectively. As shown in Fig. [5(a), the average
runtime of the admission policy is 70us and does not change
considerably as the WCET/deadline ratio increases. Fig. [5[b)
shows that increasing the number of tasks in a task set barely
affects the admission policy runtime (about 70/xs on average),
since each task admission policy is conducted independently.

Fig. Ekc) and (d) illustrate the acceptance ratio of the task
sets for each configuration point for n = 5, 10, 15, 20, and
25. Increasing WCET/deadline decreases the maximum accep-
tance ratio (from 25% to 20%); however, it does not impact the
average acceptance ratio (10%). If the FPT of one PS ends
before the arrival of the next optional job, the acceptance ratio
of the optional jobs decreases. This usually happens in tasks
with sparse arrivals. In the jobs with lower WCET/deadline,
the generated F'PT is larger and lasts longer. Additionally,
Fig. B{d) demonstrates that increasing the number of tasks in
a set does not affect the average acceptance ratio (10% on



average with a maximum of 25% to 20%), since each task’s
admission policy is conducted independently of others using
the admission sequence and F'PT of the corresponding task.
This shows the scalability of our method through employing
PSs and partitioned scheduling.

Fig. Ble) and (f) illustrate the number of cores allocated to
each task set. The number of cores increases by increasing
the WCET/deadline point (from an average of 7 to 15 cores).
By increasing the WCET/deadline, the required utilisation of
the PS increases. Since we used partitioned scheduling, by
increasing the required utilisation of a task, at some point,
only one task can be allocated to a core. Hence, the number
of the cores becomes equal to the number of tasks in the task
set. Additionally, the number of cores increases by increasing
the number of tasks in a task set (4 to 22 on average).

VI. CONCLUSION

We have introduced a framework for managing resources
that offers practical solutions to meet strict deadline require-
ments of real-time applications in server-based architectures.
Our approach ensures efficient resource utilization and pre-
vents requests from missing deadlines. These contributions
can lead to the development of reliable and efficient real-
time systems on servers. To validate our approach, we eval-
uated synthetic task sets inspired by a real-world industrial
case study. The results demonstrated the effectiveness of
our admission policy in meeting weakly hard constraints.
In the future, we aim to develop a real-time Kubernetes-
based [[37]] framework to integrate our proposed method into
cloud platforms. This framework will manage resources while
considering virtualisation, multi-server architectures, and the
fluctuating resource demands of applications. Additionally, we
plan to consider tasks that are not schedulable on a single
core, network reliability and its overhead, scheduling with
hard constant-bandwidth servers, and statistical distribution of
execution time of the tasks.
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