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Towards Scalable Configuration of Time-Division
Multiplexed Resources

Anna Minaeva, Přemysl Šůcha, Benny Akesson, Zdeněk Hanzálek
Czech Technical University in Prague

I. INTRODUCTION

The trend of consumer-electronics systems becoming more
and more complex is not possible to overlook. The number
of cores, reflecting the complexity of such systems, has been
growing exponentially and is expected to continue this trend in
the coming decade [1]. However, due to the typically short life-
cycle of these systems, the design time is required to remain
unchanged. Therefore, the design of such systems is pushed
to be automated.

Systems with a number of applications are considered,
where some applications can have firm real-time requirements
and must always satisfy their deadlines, while for other non-
real-time applications, sufficient average performance is re-
quired. Cores, executing the applications are resource clients.
They share resources, such as memories, buses and peripher-
als. Resource sharing causes contention that must be resolved
by an arbiter. Time-Division Multiplexing (TDM) is a com-
monly used arbiter for many types of resources.

This work deals with automated configuration of TDM
arbiters. Such a configuration requires an approach that con-
structs a schedule that efficiently satisfies the bandwidth and
latency requirements of the clients, while minimizing their re-
source utilization (maximizing slack capacity) to improve the
average performance of non-real-time clients. This schedule is
an assignment of time slots to the clients. In this configuration
process, it is crucial that the approach is scalable, i.e. that
it is able to find a solution in reasonable time to problems
with a large number of clients in order to satisfy the needs of
contemporary and future consumer-electronics systems.

The three main contributions of this work are: 1) We present
a schematic description of an optimal approach that takes an
existing integer linear programming (ILP) model addressing
the TDM configuration problem and wrap it in the branch-and-
price framework [2] to improve the scalability, 2) We present a
stand-alone heuristic approach that can be used to find the slot
allocation, providing a trade-off between computation time and
efficiency 3) We experimentally evaluate the scalability of the
branch-and-price approach, comparing both to the previously
formulated ILP model and to an existing heuristic.

A. Related Work
Most works in the considered field of consumer-electronics

systems design that use exact optimization techniques do not
scale well enough to be able to handle the complexity of
future systems [3]–[5], while only a few try to come up with
advanced techniques to cope with this issue. These techniques
can be classified into two major groups of approaches: 1)
a decomposition of the problem into smaller sub-problems,
and 2) navigating the search smartly during design-space
exploration. The first approach deals with large problems
by solving many smaller problems instead, trading the ex-
ponential growth of complexity for a polynomial one. This

method is used in [6], [7]. The second branch of improvements
uses problem-specific information while searching the design
space, which is profitable comparing to using general design-
space exploration methods. Authors in [8] and [9] use boolean
satisfiability and ILP approaches, respectively, while looking
for a minimal reason of constraint violation and trying to
prevent this situation in the rest of the search.

To the best of our knowledge, this work is the first to
apply an advanced optimization approach, called branch-and-
price [2], in the field of consumer-electronics systems design.
Branch-and-price aims to combine both of the mentioned
improvements, i.e. it decomposes the problem into smaller
sub-problems and it allows using more sophisticated search-
space exploration methods.

B. Background
Relevant background, necessary for a reader to understand

the main contributions of the paper is presented below.
Latency-rate (LR) [10] servers is a shared resource abstraction
that guarantees a client sharing a resource a minimum allo-
cated rate (bandwidth), ⇢, after a maximum service latency
(interference), ⇥, as shown in Figure 1. The figure illustrates
a client requesting service from a shared resource over time
(red line) and the resource providing service (blue line). The
LR service guarantee, the dashed line indicated as service
bound in the figure, provides a lower bound on the amount of
data that can be transferred to a client during any interval of
time when the client is actively requesting service. A formal
definition of a LR server is provided in Definition 1.
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Fig. 1. A LR server and associated concepts for a client sharing a resource.

Definition 1: A server is a LR server if and only if a
non-negative service latency ⇥

i

can be found such that the
provided service, rj

i

, of a client i is bounded by Equation (1)
during a time interval of duration j when the client is actively
requesting service. The minimum non-negative constant ⇥

i

satisfying Equation (1) is the service latency of the server.

rj
i

� max(0, ⇢
i

· (j �⇥

i

)) (1)

The way values of ⇥ and ⇢ of each client are obtained
depends on the particular choice of an arbiter and how it is
configured. The TDM arbitration belongs to the class of LR
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servers and it operates by periodically repeating a schedule
with a fixed number of slots, f, each corresponding to a single
resource access with bounded execution time in clock cycles.
While the bandwidth requirement determines the minimum
number of slots allocated to a client, the service latency
requirement put constraints on the assignment of allocated
slots in the schedule according to Definition 1. Determining
service latency ⇥ for an arbitrary slot assignment has an O(f2)
complexity.

II. PROBLEM FORMULATION

The problem of finding a TDM slot allocation with a given
frame size that satisfies the requirements of a set of clients,
while minimizing the rate allocated to real-time clients is given
here. An instance of the considered problem is defined by a
tuple of requirements hC, ˆ⇥, ⇢̂, fi, where C = {1, ..., n} is the
set of real-time clients that share a resource with n the number
of clients; ˆ

⇥ = [

ˆ

⇥1, ˆ⇥2, ..., ˆ⇥n

] and ⇢̂ = [⇢̂1, ⇢̂2, ..., ⇢̂n] are
given service latency and rate (bandwidth) requirements of the
clients, respectively, and f is a given TDM frame size.

A TDM schedule and its associated parameters are formal-
ized by the set F = {1, 2, · · · , f}, denoting TDM slots, while
the sets ⇥ = [⇥1,⇥2, ...,⇥n

] and ⇢ = [⇢1, ⇢2, ..., ⇢n] are the
service latency and allocated rate, respectively, provided by
the TDM schedule.

The goal is to find a schedule for n clients sharing the
resource such that the objective function, � is minimized as
shown in Equation (2), while the service latency and rate
constraints (Equations (3) and (4)) are fulfilled.

Minimize:
X

i2C

⇢
i

= � (2)

⇢
i

� ⇢̂
i

, i 2 C (3)

⇥

i

 ˆ

⇥

i

, i 2 C (4)

III. BRANCH-AND-PRICE APPROACH

This section starts by introducing the existing ILP model
in order to understand the proposed branch-and-price tech-
nique. The ILP model is a straightforward formulation of the
considered problem, where binary decision variables xj

i

are
introduced with xj

i

= 1 meaning slot j is allocated to client i
and xj

i

= 0 otherwise. The details of this formulation can be
found in [11].

To expand scale of the problems that we are able to
solve by the ILP model, a branch-and-price method [2] is
introduced. Branch-and-price allows solving instances of the
considered problem with a larger number of clients, where
the ILP formulation becomes too slow. The reasons are that
by decomposing the problem it manages to reduce the problem
size significantly. Moreover, it reduces the number of explored
symmetrical solutions and typically has smaller branching tree.
Both of these properties result in a significantly reduced com-
putation time compared to the ILP model for large problem
instances.

Branch-and-price is an exact method to solve ILP problems.
In order to obtain a problem formulation for the branch-and-
price approach, Dantzig-Wolfe decomposition [2] is performed
on the ILP model. At the higher level, this decomposition
transforms the space of binary variables xj

i

of the ILP model
into the space of complete solutions for individual clients, i.e.

2
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Fig. 2. Example of a set of columns.

branch-and-price works with complete schedules for individual
clients, called columns, instead of dealing with single slot
allocations.

A result of Dantzig-Wolfe decomposition on the ILP model
is an ILP master model MM(⌦) that contains a set of all
possible columns for all clients ⌦ = {⌦1,⌦2, · · · ,⌦n

}.
Columns are iteratively generated by a so called sub-model,
here the ILP model, for a single client. Then they are combined
into a complete solution for all clients by the master model.
The formulations of the master model and sub-model are left
out of this paper due to the page limit.

An example column set is shown in Figure 2. In the con-
sidered problem, columns are TDM schedules for individual
clients. Here, the set of columns ⌦1 for the first client contains
columns on top of the figure and the set of columns ⌦2 for the
second client is at the bottom. The decision variables !

i,p

of
the master model indicate whether or not column p is included
in the schedule for client i. One of the possible solutions here
is to use column 2 for the first client and column 1 for the
second one, i.e. !1,1 = 0, !1,2 = 1, !2,1 = 1, !2,2 = 0.

A drawback of using columns instead of binary variables
of the ILP model is the large number of possible columns.
However, it is sufficient to gradually generate only the most
promising ones, since adding these columns to the master
model gradually extends the search space of solutions. At
a certain (final) moment it can be proven (see [2]) that the
optimal solution is found. A master model that considers only
a subset of columns ⌦

R ✓ ⌦ is called the Restricted Master
Model and is denoted by MM(⌦

R

).
Thus, the idea, described above, is known as the column

generation approach. Since column generation is only able to
solve the linear relaxation of the master model, it is necessary
to extend this approach with a branch-and-bound technique in
order to be able to get an integer solution. This combination
is known in the literature as branch-and-price.

A. Outline of the algorithm
The overall scheme of the branch-and-price algorithm is

shown in Figure 3. First of all, the algorithm must assign
initial columns to ⌦

R in Step 1, which is done by a heuristic,
e.g. from Section IV. Step 2 starts the process of column
generation by solving the linear relaxation of the restricted
master model, which means that the obtained solution !

i,j

is
not integral in general. The output of this step is quantitative
directions (dual values) that guide the column search for the
sub-model. Next, a new column for some client is constructed
by the sub-model (Step 3), considering the directions obtained
in the previous step by MM(⌦

R

). If a new promising column
is found for any client, the column is added to ⌦

R and the next
iteration of the column generation algorithm starts. Otherwise,
the optimal solution of the relaxed MM(⌦

R

) is a new lower
bound to the optimal integral solution and is denoted by �

LB .
If the bounding takes place in Step 4, i.e. this branch is already
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Fig. 3. Outline of the branch-and-price algorithm.

worse or the same as the best solution known so far (upper
bound on the criterion), the current node is closed in Step 8.
In case the branch is still promising, Step 5 checks whether or
not the solution, obtained by column generation, is integral, i.e.
the values !

i,j

are integral and the final schedule is found. In
case it is, a new candidate solution to the initial integer master
model is found. This solution defines a new upper bound on
the criterion �

UB , which is updated and the node is closed
in Step 8. In case neither bounding nor check on integrality
close the node, branching takes place.

Using the branch-and-bound technique means having a
branching tree, which is in essence a set of nodes with
parent-child relationships. The node is defined by a partial
solution, i.e. a chain of slot assignment decisions made in the
parent nodes. The column generation procedure (Steps 2, 3,
7) together with bounding (Step 5) and checking solution on
integrality (Step 4) are launched in each node. In case the node
is not closed, a child node is generated with a new decision
made. A decision is to assign/forbid assignment of a slot to
a client. The algorithm is finished when the whole branching
tree is explored in such a manner.

IV. HEURISTIC

Although the proposed exact approach solves the considered
problem optimally, sometimes it is desirable to have a faster
solution of a lower quality. Furthermore, branch-and-price can
use a heuristic solution as a good starting point. The proposed
heuristic exploits the ILP model from [11] for a single client,
which is the sub-model from the branch-and-price approach
in Section III. Iteratively running the sub-model for different
clients in a round robin manner, the complete schedule is
constructed. The sub-model aims to minimize

P
j2F

x
i,j

·�
j

,
where the coefficients �

j

in the column generation procedure
are set by the master model in Step 2 in Figure 3. In
the heuristic Steps 2 and 7 of Figure 3 are substituted by
Algorithm 2 that heuristically assigns appropriate coefficients
�
j

.
Algorithm 1 shows the scheme of the proposed heuristic.

The inputs are the number of clients n, service latency ⇥

i

and
bandwidth ⇢

i

requirements for each client. Furthermore, there
are two parameters of the heuristic: a coefficient ↵, which
controls the speed of convergence to the final solution, and
the maximum number of iterations (sub-model runs) Nmax

iter

.
These parameters allow a trade-off between computation time
and quality of the solution. Each iteration includes two main

steps: coefficients �
j

are computed on Line 4 and then the
sub-model for client i is launched on Line 5.

Algorithm 1 Heuristic
1: Inputs: n,⇥, ⇢,↵, N

max

iter

2: N

iter

= 0, i = 1, xcurr

i,j

(current schedule)
3: while N

iter

< N

max

iter

and x

curr

i,j

has collisions do

4: � = ComputeCoefficients(c
i

, ↵)
5: x

curr

i,j

= SubModel(⇥
i

, ⇢

i

, �)
6: N

iter

= N

iter

+ 1

7: i = (i mod n) + 1

8: end while

9: Output: xcurr

i,j

The core of the heuristic is the assignment of coefficients
�
j

to each slot for a given client such that in case another
client or clients try to allocate the same slot, some of the
clients will change their allocation. The procedure of assigning
coefficients �

j

for client i is presented in Algorithm 2, where
in case a) client i is not allocated in the considered slot, but
there is a client k 6= i that has this slot allocated in the current
schedule. Then the coefficient is set to allow allocation of this
slot by the client i on the earlier stages and to prohibit it in the
later stages of the run depending on how many times this slot
was allocated before in the schedule; b) client i is the only
one using this slot in the current schedule, the coefficient is
constant for the client to prefer allocation of this slot; c) there
is a conflict in slot j and client i is a part of the conflict. Since
it is not clear in advance which client should have the slot,
randomness is introduced here; d) no client has allocated slot
j in the current schedule, the coefficient is set to be constant,
but slightly more than in case b) to prefer not to change the
allocation when it is not necessary.

Algorithm 2 ComputeCoefficients
1: Inputs: i;↵;
2: for all j 2 1, · · · , f do

3: d

j,i

= number of times slot j was allocated before to any client
k 6= i

4: �

j

=

8
>>>>>><

>>>>>>:

min(2, 1 + d

j,i

· ↵), x

curr

k,j

= 1, k 6= i. (a)
0.9, if xcurr

i,j

= 1, xcurr

k,j

= 0,

8k 6= i. (b)
1 + rand() · 1.5, if xcurr

i,j

= 1, xcurr

k,j

= 1,
k 6= i. (c)

1, if xcurr

k,j

= 0, 8k 2 C. (d)
5: end for

6: Output: �

V. PRELIMINARY RESULTS AND CONCLUSION

The experiments evaluate the scalability of the proposed
branch-and-price approach and the trade-off between compu-
tation time and the total rate (the criterion) allocated for 200 · 4
use-cases with 8, 16, 32 and 64 real-time clients with the frame
size of 64, 128, 256 and 512, respectively, for the optimal
and heuristic approaches. Moreover, it compares the proposed
approaches with an already existing exact (ILP formulation)
strategy, mentioned in Section III. In order to show both the
advantages of the branch-and-price and the heuristic approach,
the use-cases are synthetically generated so that both their
bandwidth and latency requirements are approximately equally
demanding in terms of the number of allocated slots.
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The generation process first randomly assigns bandwidth
requirement ⇢

i

to each client i from a defined interval of [0.06,
0.14], [0.03, 0.07], [0.015, 0.035] and [0.0075, 0.0175] for 8,
16, 32 and 64 clients, respectively. The bandwidth require-
ments of the use-case are accepted if the total required rate of
all clients is in the range [0.7, 0.9]. Otherwise, the use-case is
discarded and the generation process restarts. Service latency
requirements ⇥ are uniformly distributed according to 1

�·⇢ ,
where a larger value of � indicates a tighter requirement and
the value � is randomly chosen from the [0.95, 1.4], [0.9, 1.3],
[0.85, 1.2], [0.8, 1.1] for 8, 16, 32 and 64 clients, respectively.
These numbers are calibrated to give approximately the same
total allocation of all use-cases, making it possible to compare
them in terms of computation time.

A time limit of 3 000 seconds per use-case was set in order
to obtain the results of the experiments in a reasonable time.
Furthermore, due to the complexity and desirable trade-off
the heuristic was launched 8 times for each use-case in order
to improve the results. The parameters are set as ↵ = 0.1
and Nmax

iter

= 250. Notice that since the heuristic contains
randomness its result can change in different runs.

Figure 4 shows log10 of the computation time for the
heuristic, branch-and-price and ILP approaches for 8, 16, 32
and 64 clients. We conclude that the existing ILP model does
not scale to use-cases with 32 and 64 clients. Out of 11 use-
cases with 32 clients the ILP model was able to find a feasible
solution only in 3 use-cases with the given time limit and
the average computation time for the use-case is around 2500
seconds, thus it is not reasonable to run all 200 of them.
Thus, the results for 32 and 64 clients are represented by
the heuristic on the left and branch-and-price on the right.
For the use-cases with 8 clients, branch-and-price and the
ILP model behave similarly with slight advantage to the ILP
formulation. The branch-and-price approach is able to solve
all the use-cases in 6 hours, while the ILP model needs only
3 hours. Such a difference is a result of branch-and-price not
beeing able to prove the optimality for 3 use-cases (and run
for 3000 seconds each), while the ILP failed only once. For
16 clients the ILP model runs 20 hours, while the branch-and-
price approach needs less than 3 hours, resulting in 4.4 times
time reduction. Moreover, branch-and-price solve all the use-
cases to optimality, but ILP failed in 1 use-case, where it found
the optimal solution, but was not able to prove its optimality
with the given time limit.

The heuristic fails to find a feasible solution in 23 and 26
use-cases for 8 and 16 clients, respectively, but saves 95% and
88% of the computation time of the fastest optimal approach.
The heuristic shows good results, especially on the use-cases
with 32 and 64 clients, where it is able to solve almost all of
them (fails in 8 for 32 and 0 for 64 clients) in 90 minutes and
16 hours, respectively. The solution obtained by the heuristic
lies in less than 0.01% from the solution obtained by branch-
and-price on average. Thus, the heuristic is fast and gives near-
optimal results.

From this experiment, we confirm the exponential com-
plexity of the problem, although our implementation solves
instances with 64 clients and 512 slots in less than 5 minutes
on average for the 200 use-cases. Moreover, the ILP model
is not able to solve use-cases in reasonable time, starting
approximately from 32 clients. Thus, the branch-and-price
approach is able to improve the scalability, solving larger
problem instances, while ILP shows better results for the use-

Number of clients
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Fig. 4. Computation time distribution for the use-cases.

cases with smaller number of clients. Furthermore, the pro-
posed heuristic enables to save up to 95% of the computation
time with maximally 13% of not feasible solutions, where
the distance from the found to the optimal solution does not
exceed 1%.

The plans for the future work are to improve the perfor-
mance of the branch-and-price approach and to conduct more
experiments, including more use-cases of different nature -
those that are more bandwidth demanding and those that are
more service latency demanding.
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Abstract—Rate monotonic (RM) scheduling algorithm cannot
guarantee schedulability of highly utilized tasks in all cases. In
this paper, we increase schedulability of RM by assigning fixed set
of priority promotions for each task. We present an algorithm
to assign promotion times (PT) and the new priority at each
PT. Each priority promotion occurs after a constant relative
time from the release of an instance of a task. This technique
can be implemented using a container at the operating system’s
side which sets a timer interrupt for the priority promotion.
Our priority promotion algorithm is offline and it promotes
priorities only at the latest release of the higher priority tasks
before deadline of the first instance of each task. In our solution,
the maximum number of promotions is bounded to the number
of higher priority tasks with smaller periods. The performance
of our solution approach has been evaluated by extensive sets
of simulations. According to our experimental results, a) our
solution dominates RM, i.e., it guarantees schedulability whenever
the task set is RM-feasible while it improves the schedulability in
the task sets which are not RM-feasible, b) it has a significantly
higher schedulablity ratio than RM, and c) even in cases where it
cannot guarantee the schedulability, it has a low ratio of missed
jobs.

I. INTRODUCTION

It is known that for task sets with implicit deadline, the rate
monotonic (RM) scheduling algorithm is optimal among other
fixed-priority (FP) algorithms [1]. However, RM guarantees
100% utilization only in special cases, e.g., in harmonic task
sets [2]. Unlike dynamic priority-based scheduling algorithms
such as EDF [1], RM has considerably lower run-time over-
head, however, it cannot guarantee schedulability in general
cases of periodic tasks with high utilization.

The idea of priority promotion is introduced in [3] along
with the concept of dual-priority tasks where each task is
allowed to promote its priority at most once. The system uses
a fixed-priority scheduling algorithm. The priority promotion
happens after a specified amount of time from the release of
each job of the task. In [4], open problems for the existence
of a feasible dual-priority assignment has been discussed. It
have been shown that for the special case of systems with
two tasks, there exists such an assignment which guarantees
schedulability up to 100% utilization. Recently, in [5], an upper
bound on the priority promotions per job has obtained for
EDF. This bound is a function of the largest deadline in the
task set. It has been proven that the worst-case response time
(WCRT) of tasks with priority promotions scheduled by RM
will not necessary happen in their first release, which means
that the critical instant is no longer at the first release of
the tasks. It inherently increases the complexity of finding a

feasible priority promotion solution. In [5], no algorithm has
been presented to promote priority of the tasks.

In this paper, we propose a method to increase RM schedu-
lability by assigning a fixed set of priority promotions to each
task. The priority promotions happen at a fixed relative time
from the release of each job. For each promotion time (PT), we
define a new priority which is higher than the last priority of
the task before the latest PT. The basic idea of the algorithm
is to set priority promotions for the first release of the low
priority task at the times at which high priority tasks have
their latest release before the deadline of the low priority task.
Using these promotion times, RM and EDF behave almost
the same, at least for the first instance of the tasks. Since the
maximum number of promotions for each task is limited to
the number of higher priority tasks, it is bounded to n � 1,
where n is the number of the tasks. The algorithm itself has
O(n2log(n)) computational complexity.

Priority promotion times and the new priorities are assigned
at design-time. To be able to apply them at run-time, each
task has a container, implemented on the operating system’s
level, which governs promotion times (using a timer interrupt).
Doing so provides separation of concerns for the application’s
designers and maintains security at the system level such that
the applications cannot modify their own priorities.

The remainder of the paper is organized as follows; the
system model is presented in Sect. II. In Sect. III, we introduce
our priority promotion algorithm. Efficiency of the algorithm
is evaluated in Sect. IV in terms of schedulability ratio and
job miss ratio. Some discussions about the algorithm and
its schedulability analysis has been provided in Sect. V, and
finally, the paper is concluded in Sect. VI.

II. SYSTEM MODEL AND PROBLEM STATEMENT

We assume a uni-processor system and a hard real-time
task set ⌧ = {⌧1, ⌧2, . . . , ⌧n} with n independent periodic
tasks. Each task ⌧

i

is described by ⌧
i

: (c
i

, T
i

), where c
i

is
the worst-case execution time and T

i

is the period of the task.
We assume synchronous task sets with no release offsets. Tasks
have implicit deadlines, i.e., for each task, the deadline is equal
to the period. They are indexed such that T1  T2  . . .  T

n

.
The utilization of the task set is denoted by U =

P

n

i=1 ui

where u
i

= c
i

/T
i

. Moreover, the hyperperiod of this task set
is the least common multiplier (LCM) of the periods, and is
denoted by H .

For each task, we assign a set of time instants at which
the priority is promoted. The jth priority promotion of task
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Fig. 1. EDF schedule versus RM schedule in a task set with 100% utilization

⌧
i

is identified by P
i,j

: (�
i,j

, p
i,j

) for 1  j  m
i

where
0  �

i,j

< T
i

is the priority promotion time, p
i,j

is the new
priority indicator, and m

i

is the number of priority promotions
of task ⌧

i

. Since in RM, the priority indicator is the period of
the task, i.e., the smaller the period, the higher the priority, we
assume p

i,j

contains a value which is smaller than the current
task’s period and it can be used as the promoted priority for
the current instant of the task.

III. PRIORITY PROMOTION APPROACH

In this section we present a simple idea to derive effective
instants of time, i.e., PT, where priority promotion helps RM
to behave more like EDF. We introduce our priority promotion
assignment algorithm (PPA) which will be used at design-time
to find constant relative time instants (w.r.t. the release of each
job of the task) at which the priority can be promoted.

For two tasks ⌧
i

and ⌧
j

, T
j

< T
i

, RM priorities and EDF
priorities are exactly the same for the jobs of ⌧

j

which have
deadlines before the deadline of current instant of ⌧

i

. For
those jobs, both EDF and RM prioritize ⌧

j

over ⌧
i

. The only
difference happens for the latest job of ⌧

j

which is released
before deadline of ⌧

i

and its deadline is after deadline of ⌧
i

.
Fig. 1 shows this situation for a task set with 3 tasks at their
first releases. As shown in this figure, if we promote priority
of ⌧3 at 10 at least for the first instance of ⌧3, EDF and RM
schedule become identical.

Since in a synchronous task set, the first instance of each
task encounters the highest workload, we assign priority pro-
motions according to the first instance of the tasks. Our priority
promotion assignment algorithm finds the latest releases of
the tasks with smaller deadlines than ⌧

i

. Those releases are
denoted by r

g

for 1  g < i. In the first step we sort
those release times and then, starting from the earliest release,
we add a priority promotion to the list of promotions of ⌧

i

.
Parameters of this promotion are �

i,j

= r
g

and p
i,j

= T
i

� r
g

where j is the index of the current priority promotion. Then
all releases of the tasks with T

q

� T
g

will be removed from
the list because if ⌧

i

gains a priority which is higher than

Fig. 2. RM with priority promotion schedule for the task set in Fig. 1

⌧
g

, it also has a higher priority than ⌧
q

. After removing those
items from the list of releases, we continue to the next earliest
release and add the next priority promotion time until there
is no other item in the list of releases. This algorithm has
been shown in Alg. 1. Fig 2 shows the result of RM with the
priority promotion for the previous example. Comparing this
figure with Fig. 1 we see that these three algorithms produce
different schedules.

Algorithm 1 Priority Promotion Assignment Algorithm
Input ⌧ : where ⌧ is the set of tasks
Output P : P is the set of priority promotions

1: P1  ;
2: for i 2 to n do
3: R latest releases time of task ⌧1 to ⌧

i�1 before T
i

4: Sort R in ascending order
5: P

i

 ;
6: while (R is not empty) do
7: rmin  the earliest release in R
8: g  index of the task which is released at rmin

9: �  rmin

10: p T
i

� rmin

11: P
i

 P
i

[ {(�, p)}
12: Remove any r

k

, 1  k < i with T
k

� T
g

from R
13: end while
14: end for
15: return P

Offline computational complexity of Alg. 1 is O(n2log(n))
because in Line 3 we must sort R which contains the list of
the latest releases, and at most has n � 1 items. We can use
a double linked list during the construction of R to have an
efficient implementation. Every item in this list is attached to
one of the release values in R and points to the next item in R
which has a larger period than the current item. Using this list,
Line 12 can be implemented in O(n) while the amortized cost
of the while-loop remains O(1) per task, because each task
is either used in priority promotions or removed by Line 12.
Note that we have at most n� 1 tasks in the while-loop. As a
result, computational complexity of each iteration of the for-
loop in Lines 2 to 14 is O(nlog(n)) due to the sort operation,
and hence, the algorithm runs in O(n2log(n)).

To apply priority promotion at run-time, each task can have
an OS-level container which is equipped with a timer event.
Starting from the release of each job, the container sets the
next timer interrupt for the next priority promotion time from
the given list which is produced by Alg. 1. If the task is
finished before the next timer interrupt, the interrupt can be
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Fig. 3. Schedulability ratio and job miss ratio of the algorithms

canceled. In this implementation, permissions for promoting
the priority belong to the operating system. Thus, there will
be no issue regarding malicious promotions made by the
applications themselves. More discussions about schedulability
of our approach are presented in Sect. V.

IV. EXPERIMENTAL RESULTS

In this section, we compare the performance of RM and
RM with priority promotion (RMPP) which was described
in Sect. III. Performance measures are job miss ratio and
schedulability ratio where the former is the number of missed
jobs divided by total number of jobs, and the latter is the
number of schedulable task sets with no missed jobs divided
by total number of generated task sets. Periodic task sets
have been constructed according to [6] paper, i.e., in the
first step, based on the given utilization U , n random u

i

values have been obtained from uUniFast algorithm, and then,
T
i

has been selected randomly from [10, 200] with uniform
distribution. Based on u

i

and T
i

, c
i

is calculated. Due to the
space limitation, we have reported only the results for task sets
with n = 7 tasks.

We use task set utilization U as the parameter of the
experiment. It ranges from 0.1 to 1.0 with steps of 0.1. For
each utilization value we have generated 200 random task
sets as stated before. All resulting data is within a confidence
interval ±0.05 for confidence level 0.95. Fig. 3 shows the
results of the experiment. Results of EDF algorithm have not
been reported because it has schedulability 1 and miss ratio 0
in this setup.

In the next experiment, we only consider random task
sets which are schedulable by RM. We have repeated the
experiment for 10000 task sets per utilization value ranging
from 0.6 to 1.0. Interestingly, we never found a case where
RM guarantees schedulability while RMPP does not. In other
words, based on our experiments, RMPP never misses a dead-
line if the task set is RM-feasible. Later in Sect. V we discuss

Fig. 4. Schedulability ratio and job miss ratio of RM and RMPP in the task
sets which are not RM-feasible. Also for those task sets, we have compared
job miss ratio of the algorithms with EDF in cases where 0.8  U  2.0
which is an overloaded system

this observation with more detail. In the third experiment, we
only consider random task sets which are not schedulable by
RM algorithm. According to the results shown in Fig. 4, by
adding fixed set of priority promotions assigned by Alg. 1 it
is possible to efficiently increase RM schedulability. Even in
the cases where hard real-time guarantee was not possible for
RMPP, it has a very small miss ratio compared to RM.

V. DISCUSSIONS

As shown by Fig. 3 and 4, our approach for promoting
priorities is not optimal, i.e., it cannot guarantee all deadlines.
Fig. 5 shows a case where the second instance of a task
could not be scheduled even with the promoted priorities. The
reason is that to assign promotion times for a task such as
⌧
i

, Alg. 1 only considers set R of the latest releases which
are constructed based on T

i

. For the case of task sets with
two tasks, [4] has shown that the optimal priority promotion
assignment must consider the greatest common divisor of two
periods. However, the problem remains unsolved for larger task
sets with more than two tasks.

As mentioned in the second experiment of Sect. IV, ac-
cording to our results, if a task set is RM-feasible, it is RMPP-
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Fig. 5. A counter example to show non-optimality of PPA algorithm

feasible too. For justifying this observation we start with task
sets with WCRT

i

 rmin for 1  i  n where

rmin = min
nj T

i

T
g

k

T
g

o

1gi

(1)

In these task sets, each task will be finished before it is
promoted at rmin which is the first promotion time. Assume
an RM-feasible task set is given which has rmin < WCRT

i


rmax  T

i

where rmax is the smallest release time among
all release times in set R (produced in Line 3 of Alg. 1)
which is larger than WCRT

i

. If RM preserves schedulability,
it means that within the schedule of higher priority tasks from
time instant rmin to rmax, there will be enough idle time
so that ⌧

i

can finish its execution before its deadline. Thus,
all higher priority tasks which are released between rmin and
rmax must be finished before rmax, otherwise, RM will not
start the remaining execution time of ⌧

i

after rmin. Note that
according to the definition, all of these tasks have deadlines
greater than or equal to T

i

, otherwise, it would not be their
latest release before T

i

. In an RMPP and EDF schedule, any
of the jobs which are released from rmin to T

i

will have
lower priority than ⌧

i

, consequently, they will be scheduled
after ⌧

i

. Due to the fact that the task set is RM-feasible, we
know that all of the high priority tasks together with ⌧

i

can
be finished before rmax, which is smaller than or equal to
T
i

. Consequently, they can be finished before their deadline as
well. As a result, at least for the first instance of the tasks in
an RM-feasible task set, priority modifications of RMPP will
not cause a deadline miss for any of the higher priority tasks.
It is worth mentioning that priority modifications of any of the
tasks with smaller period than ⌧

i

has no effect on the schedule
of ⌧

i

because still all of those tasks have higher priority than
⌧
i

.

The previous justifications are not complete because we did
not consider future releases of the tasks. According to [5], in
a fixed-priority algorithm with promoted priorities, the classic
notion of critical instant will no longer be valid [5], i.e., the
WCRT of the tasks may not appear in their first release. As
a result, to provide a valid schedulability test or to prove the
dominance of RMPP over RM, we need to consider future
releases of the tasks too. As shown in Fig. 5, a deadline miss
might happen for the second release of a low priority task
because of the fact that in that release (or one of the future

releases), promotions must happen earlier than the promotion
times which we have assigned according to the first release of
the task.

VI. SUMMARY AND CONCLUSION

In this paper we have used priority promotion approach
with constant number of promotions per job to improve the
schedulability of RM algorithm. Our solution, which is called
RM with priority promotion (RMPP) has two phases; in the
offline phase we assign promotion times and the new priorities
respectively, and in the online phase, an OS-level container
applies those priority promotions for each job of a task.
Promotion times are obtained based on the latest release of
the higher priority tasks under the first release of each task.
This algorithm has O(n2log(n)) computational complexity.
Moreover, the maximum number of promotions for each task
is bounded to the number of higher priority tasks in the task
set.

In our experimental results, our approach dominates RM,
i.e., all RM-feasible task sets has been RMPP-feasible too.
Besides, in task sets which were not RM-feasible, RMPP
had a considerably high schedulability ratio. Also RMPP had
a low miss ratio in cases where it cannot guarantee the
schedulability. We have tried to justify the intuitive reasons
behind the dominance of RMPP over RM, though, the actual
proof remains as a future work. We will try to derive necessary
or sufficient schedulability conditions for RMPP as well.
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Abstract—We consider the problem of schedul-

ing hard real-time tasks subjected to cache-related

preemption delays (CRPD) on uniprocessors. Most

works in the literature focus on either improving

the system predictability by bounding the CRPD or

reducing conflicts between the tasks at the cache

level. As the CRPD-aware scheduling problem is NP-

hard even under simplified assumptions, we focus on

finding a mathematical model for offline scheduling

to compute an optimal solution to the CRPD-aware

scheduling problem.

I. INTRODUCTION

Nowadays, in order to reduce the costs, com-
mercial off-the-shelf (COTS) components are more
and more used in real-time embedded systems.
Commercial processors now incorporate several
micro-architectural features designed to improve
the overall performances, such as cache memories.
However, the use of cache memories in critical
embedded systems raises a significant problem
which is the question of predictability. Indeed, the
execution time of an instruction depends whether
this instruction can be found in the cache (cache
hit) or has to be loaded from the main memory
(cache miss), which can be up to 10 times more
costly. Because multiple tasks have access to the
cache during the system life, and as soon as pre-
emptions are authorized, one task can overwritten
some cache locations another task will needed
when resuming its execution, causing additional
reloads knows as Cache-Related Preemption De-
lays (CRPD).

To deal with such a problem, several solutions
have been proposed in the literature. On one hand,
some works, as in [1], focus on computing upper-
bound on the CRPD to take them into account
either in task worst-case execution times (WCET)

or latter during the schedulability analysis. On
the other hand, other works such as [2], have
focused on reducing cache interference using par-
titioning or locking techniques. In both cases,
no modification occurs at the scheduling level:
classic algorithms such as Rate Monotonic (RM)
or Earliest Deadline First (EDF) are still used.
Some works as in [3] have focused on modifying
scheduling algorithms to reduce the number of
preemptions. But they do not consider any cache-
related preemption delays. Very few works have
considered the problem of explicitly taking opti-
mal scheduling decisions based on CRPD, except
for soft real-time multiprocessors as in [4].

In this paper we explicitly model the CRPD as
a timed penalty being an input for the scheduling
algorithm. Note that it is independent from any
cache managing strategy, such as partitioning.
CRPD values are assumed to be computed be-
forehand by a timing analysis. This CRPD-aware
scheduling problem NP-hard has been proved in
[5], we focus on finding an optimal solution in
order to have a comparison point to latter de-
sign approximation algorithms. So, we propose
an optimal static CRPD-aware preemptive schedul-
ing algorithm in the sense that it minimizes the
overall CRPD. To the best of our knowledge, no
such optimal algorithm is known for this CRPD-
aware scheduling problem or for scheduling with
preemption delays.

The remainder of this paper is organized as
follows: in Section II we define the CRPD-aware
scheduling problem. Then, in Section III we detail
our mathematical model and use it in Section IV
to solve a simple example. Finally, we conclude
our work in Section V and present further work.
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II. PROBLEM STATEMENT

In the remainder of this paper, we consider a
finite set of n non recurring tasks ⌧i, called jobs,
that are defined by a release date ri, a worst-case
processing time p0i, a deadline di and a worst-
case preemption penalty si that is added to the
worst-case processing time when the job resumes
after a preemption. The objective is to compute
a preemptive schedule that minimizes the overall
preemption delays. Note that we assume in this
paper that timing analyses are not subjected to
any timing anomaly, which means that a cache
hit always results in a shorter execution time than
a cache miss.

Consider the following example with two peri-
odic tasks T1 (respectively T2) with a WCET of 1
(resp. 7) and a deadline equals to its period of 3
(resp. 12). We assume a CRPD for T2 s2 = 0.5.
Note that such a value is not unrealistic: in real
systems, the CRPD can be up to 20% of the task
WCET as reported in [6]. Figure 1 presents an EDF
schedule of 5 jobs generated by 2 tasks; with CRPD
denoted s payed by the job ⌧5 of task T2. Note
that for graphical representation ease, we depict
the CRPD incurred by a preemption immediately
after the task resumes its execution.

As soon as CRPD are considered, neither task-
level fixed priority scheduling algorithms such as
RM nor job-level ones such as EDF are optimal,
as shown for example in [5]. Moreover, even the
simplified problem of finding an optimal algorithm
to schedule a finite set of jobs with a same CRPD
for all jobs, has been proved in [5] to be NP-
hard in the strong sense. Note that this problem is
still NP-hard in the weak sense even if there are
only two distinct release dates and deadlines and
a preemption delay of one time unit as shown in
[5].

However, in some corner cases, EDF does no
generate any preemption, for example when all
release dates (or deadlines) are equal or when
release dates and deadlines are similarly ordered
(i.e., ri  rj ) di  dj , 1  i < j  n). As a
consequence EDF is an optimal online scheduling
algorithm for the CRPD-aware scheduling problem
under these specific conditions.

III. MATHEMATICAL MODEL

Now, we define a mixed-integer linear program
(MILP) to optimally solve the problem stated in
Section II. Without loss of generality, we consider
a slightly modified scheduling problem in which
job processing times are defined as pi = p0i � si.
In this latter scheduling problem, si can be inter-
preted as the delay incurred by a job when it starts
or resumes after a preemption. Both problems are
obviously equivalent.

The schedule will be considered as a set of
slices delimited by subsequent job release dates or
deadlines. Let S = {1, . . .m} be the set of slices.
The first slice begins by the smallest job release
date whereas the slice m ends by the latest job
deadline. Our approach is based on the following
property:

Property 1: There exists an optimal schedule in
which a job resumes at most once in every slice.

A direct consequence is that every job executed
in a slice can pay at most one preemption delay.
Thus, the previous property limits the number of
schedule patterns to consider in order to define an
optimal offline schedule in which all job deadlines
are met.

For every slice k 2 S, bk and ek respectively
denotes the slice starting time and ending time.
The set of jobs that can be executed in a slice
is denoted by Jj , 1  j  m. For every job ⌧i,
we define the subsequent slices delimited by its
release date and its deadline: Si ✓ S. Let S̄i be
the set Si without its first slice. Thus, Si\S̄i is the
first slice of ⌧i. Clearly, in any optimal schedule,
the jobs are scheduled in a time interval delimited
by its release date and its deadline. Jobs will be
scheduled in slices and we call a job-piece the part
of job executed in a given slice. ⌧ij denotes the
job-piece of ⌧i executed in slice j 2 Si.

The main variables of our MILP formulation are:

• tij is a real variable the starting time of job-
piece ⌧ij ,

• pij is a real variable the processing time of
job-piece ⌧ij ,

• �ij is a binary variable indicating if job-
piece ⌧ij has to pay a preemption delay si.

All notations are summarized in Table I.
The objective function is to minimize the over-
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0 1 2 3 4 5 6 7 8 9 10 11 12 13

T1

T2 s5 s5 s5

(a) EDF schedule

0 1 2 3 4 5 6 7 8 9 10 11 12

T1 ⌧1 ⌧2 ⌧3 ⌧4

T2 ⌧5 s5 ⌧5

(b) Optimal schedule

Figure 1: EDF and optimal schedules for Tasks T1(1, 3, 3) and T2(7, 12, 12)

Notation Type Description
Input data

S Set Set of slice indexes
Si Set Slice indexes of ⌧i
S̄i Set Slices of ⌧i except the first one

Si \ S̄i Set Index of the first slice of ⌧i
Jj Set Jobs in slice j
pi real Job ⌧i processing time
si real Job ⌧i preemption delay
bj real starting time of slice j
ej real ending time of slice j

Output variables
tij real starting time of job-piece ⌧ij
pij real processing time of job-piece ⌧ij
�ij binary preemption delay incurs by ⌧ij

Internal variables
aij binary condition pij > 0
bij binary condition

tij > ti,j�1 + pi,j�1 + si�i,j�1
yikj binary job-piece disjunctive constraints

Table I: Data and variables for the MILP

all preemption delays among feasible schedule:

min z =
nX

i=1

X

j2Si

si�ij

The MILP constraints are defined by different
categories which are detailed hereafter (Equations
1 to 14).

A. Processing time constraints

The first set of constraints ensure all job-pieces
of a job put together execute for exactly the
execution time of that job.

X

j2Si

pij = pi 1  i  n (1)

B. Slice constraints

Job-pieces ⌧ij are executed inside a slice j. This
means that every job-piece starts and completes
in the interval [bj , ej). We use an arbitrary small

value ✏ to forbid a job-piece to start at time ej
(i.e., to avoid the case tij = ej and pij = 0).

tij + pij + si�ij  ej 1  i  n, j 2 Si (2)
tij � bj 1  i  n, j 2 Si (3)
tij  ej � ✏ 1  i  n, j 2 Si (4)

Job-pieces executed inside every slice, includ-
ing preemption delays, do not exceed the interval
size.

X

i2Jj

pij + si�ij  ej � bj j 2 S (5)

C. Job-piece disjunctive constraints

Inside every slice, two job-piece cannot be
executed simultaneously. For every pair of job-
pieces ⌧ij and ⌧kj we have either:

tij + pij + si�ij  tkj

or

tkj + pkj + sk�kj  tij

The previous disjunctive constraints can be lin-
earized using the classical big M method and a
binary variable yikj , i < k, set to 1 by the solver
if ⌧ij is executed before ⌧kj in slice j, 0 otherwise:

tij + pij + si�ij  tkj + (1� yikj)M

j 2 Si \ Sk
(6)

tkj + pkj + sk�kj  tij + yikjM

j 2 Si \ Sk
(7)

D. Preemption penalty constraints

The binary variable �ij = 1 if job-piece ⌧ij
is subjected to a preemption delay in slice j, 0
otherwise. ⌧ij is subjected to a preemption delay
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in Slice j if pi,j > 0 and (except for the first slice
for Job ⌧i) ⌧i,j�1 and ⌧ij are not contiguous:

pij > 0 1  i  n, j 2 Si \ S̄i

pij > 0 and tij > ti,j�1 + pi,j�1 +�i,j�1 ⇥ si

1  i  n, j 2 S̄i

These conditions are linearized as follow by
introducing binary variables aij and bij :

pij  �ijM 1  i  n, j 2 Si \ S̄i. (8)

and

pij  aijM 1  i  n, j 2 S̄i (9)
tij � (ti,j�1 + pi,j�1 +�i,j�1 ⇥ si)  bijM

1  i  n, j 2 S̄i

(10)

According to these new binary variables, �ij is
defined by the logical result of aij^bij which can
be linearised by computing �ij = min(aij , bij):

�ij  aij 1  i  n,j 2 S̄i (11)
�ij  bij 1  i  n,j 2 S̄i (12)
�ij � aij + bij � 1 1  i  n,j 2 S̄i (13)
�ij � 0 1  i  n,j 2 S̄i (14)

IV. APPLICATION EXAMPLE

Consider again the example presented in figure
1, defined in Section II. As depicted in Figure 1a,
T1 and T2 are not schedulable with EDF as T2
misses its deadline at Time 12, but the MILP will
define a feasible one, depicted in Figure 1b.

For the MILP, we consider the different jobs
⌧i(ri, p0i, si, di) from T1 and T2 over the hyperpe-
riod which is equal to 12. On that interval of time,
T1 issues 4 jobs ⌧1(0, 1, 0.2, 2), ⌧2(3, 1, 0.2, 2),
⌧3(6, 1, 0.2, 2) and ⌧4(9, 1, 0.2, 2), whereas T2 is-
sues only one job ⌧5(0, 7, 0.5, 12). Release dates
and deadlines define four slices in the schedule:
[0, 3), [3, 6), [6, 9) and [9, 12). ⌧1 must be executed
in the first slice, ⌧2 in the second one, ⌧3 in the
third one and ⌧4 in the last one, whereas ⌧5 can
be executed in any of them. For this example, we
set ✏ = 0.01 and M = 100.

The minimum of the objective function is z = 3
and the output variables computed by a solver
(CPLEX 12.6.1 from IBM) are presented in Table
II. Remember that the MILP solves a modified
version of the CRPD-aware scheduling problem

in which a preemption delay is paid the first
time a job starts. Column p0ij in Table II gives
the processing time values depicted in the Gantt
chart (Figure 1). In that figure, � represents the
preemption delay for Task T2 s2.

In practice, the delay is spread over the task
execution as an additional cost is incurred every
time the task references a block that is no longer
in the cache because of the interference due to the
preempting task.

job slice tij pij �ij p0ij
⌧1 1 0 0.8 1 1
⌧2 2 5 0.8 1 1
⌧3 3 6 0.8 1 1
⌧4 4 11 0.8 1 1
⌧5 1 2 1.5 1 2
⌧5 2 3 2 0 2
⌧5 2 7.5 1 1 1.5
⌧5 4 9 2 0 2

Table II: Output variables computed by the solver
.

V. CONCLUSION

Designing an optimal offline algorithm is a chal-
lenging problem. We have formulated the offline
CRPD-aware scheduling problem as mixed-integer
linear program. We intend to use it latter as a
basis for performance evaluation and to evaluate
the loss of schedulability of well-known on-line
scheduling policy.
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Abstract—In order to guarantee transaction timeliness, Real-
time Database Management Systems (RTDBMSs) often relax
data consistency by relaxing the ACID transaction properties.
Such relaxation varies depending on the application and thus
different transaction management mechanisms have to be decided
for developing a tailored RTDBMS. However, current RTDBMSs
development does not include systematic verification of timeliness
and desired ACID properties. Consequently, the implemented
transaction management mechanisms may breach timeliness
of transactions. In this paper, we propose a process called
DAGGERS for developing a tailored RTDBMS that guarantees
timeliness and desired data consistency for real-time systems
by employing model-checking techniques during the process.
Based on the characteristics of the desired data manipulations,
transaction models are designed and then formally verified
iteratively together with selected run-time mechanisms, in order
to achieve the desired/necessary trade-offs between timeliness and
data consistency. The outcome of DAGGERS is thus a tailored
transaction management with guaranteed appropriate trade-offs,
as well as the model-checking based worst-case execution times
and blocking times of transactions under these mechanisms and
assumptions of the hardware architecture.

Keywords—RTDBMS, timeliness, ACID, formal verification.

I. INTRODUCTION

Real-time Database Management Systems (RTDBMSs)
often serve as data management middleware for Real-Time
Systems (RTSs), providing consistent data manipulation and
guaranteed transaction timeliness. Traditionally, data consis-
tency is the most important concern in non-real-time Database
Management Systems (DBMSs), and ensured by transaction
management. A transaction must guarantee the so-called ACID
properties, that is, atomicity (a transaction either runs com-
pletely or rollbacks all changes), consistency (a transaction ex-
ecuting by itself must not violate logical constraints), isolation
(uncommitted changes of one transaction should not be seen
by concurrent transactions) and durability (committed changes
are made permanent) [1]. In an RTDBMS, however, timely
response of transactions must be guaranteed, even at the cost of
data consistency [2]. In order to ensure timeliness, RTDBMSs
often need to relax the ACID assurance [2].

The relaxation of ACID may differ from application to
application, since many RTSs are implemented as special-
purpose embedded solutions and thus entail high variability
in both functional and extra-functional data management re-
quirements [3]. Consequently, the designer of an RTDBMS
must decide the specific run-time mechanisms for a particular
real-time application, for instance the appropriate concurrency
control mechanism and recovery mechanism, which ensure the
desired/necessary relaxation of ACID.

However, during the development of RTDBMS, there exists
no systematic method that guides the decisions of these run-

time mechanisms so that the timeliness is guaranteed and the
desired ACID relaxation is achieved. This may lead to an
unpredictable system as well as unnecessary trade-offs. On
the one hand, the decision of such mechanisms will inevitably
impact the response time of transactions and may even result
in unbounded execution or blocking time. Let us assume that,
in order to ensure desired isolation, one needs to implement a
concurrency control mechanism WAIT-50 [4] in the RTDBMS.
This might introduce unbounded delay caused by transaction
rollbacks and restarts due to conflicts. On the other hand, it
is difficult to reason and verify if the relaxation of ACID is
truly necessary. Consequently, we need an RTDBMS design
process that could solve such challenges.

In this paper, we propose the DAGGERS process for devel-
oping a tailored RTDBMS that ensures transaction timeliness
and desired data consistency. Our process allows system de-
signers to systematically specify the trade-offs between global
logical consistency and temporal constraints of transactions,
from system requirements, and create a specialized transaction
model with the desired properties. In order to ensure such
properties, we carry out formal verification of transactional
behaviors against the desired properties, which are formalized
together with candidate run-time mechanisms for transaction
management within the UPPAAL environment [5]. Finally, the
selected run-time mechanisms that are proven to solve possibly
existing conflicts are woven into the RTDBMS.

Our main contribution is two-fold. First, we provide the
run-time mechanisms to tailor the RTDBMS such that it
ensures the desired relaxation of ACID without breaching
timeliness. Second, we provide the real-time properties such as
worst-case execution time (WCET) and blocking time of the
transactions, which account for the selected mechanisms in the
final outcome under particularly stated hardware assumptions.

The paper is structured as follows: Section II describes the
system model. The process is presented in Section III. The
technical challenges, as well as the status of our research, are
presented in Section IV. In Section V we present the related
work. Finally we summarize the paper.

II. ASSUMED SYSTEM MODEL
In this paper we consider a hard real-time system where

all data access and manipulation go through transactions in an
RTDBMS.

Logically related operations on data form work units. Each
work unit WUi includes a set of read and write operations in
the database, as well as operations that perform calculation
on data. Each work unit has a set of real-time requirements,
including its invocation pattern and expected response time.

Each work unit WUi is encapsulated as a transaction TRi
in the RTDBMS, associated with the desired ACID properties
to be ensured. Each transaction also has a set of real-time
properties, with a period (or minimal inter-arrival time) and
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a relative deadline inherited from the work unit. The ACID
assurance of transactions requires transaction management
mechanisms to start, abort and rollback the transactions in
a controlled manner, which in return affects the execution
time and blocking time. The execution time of a transaction
includes the execution time of operations in the work unit,
plus the execution time of computation to ensure the ACID
properties, such as lock acquisition and logging. A transaction
may be blocked by concurrent transactions. The blocking
time is determined by the concurrency control mechanism
implemented in the RTDBMS.

At the scheduler level, transaction TRi is executed as a
task ⌧i. A scheduling policy is adopted by the scheduler,
which is not part of the RTDBMS. In order to achieve a
predictable system, the execution time and blocking time
have to be bounded, and the task set should be schedulable.
These constraints, together with the desired ACID properties,
form the constraints on the decision of run-time mechanisms
implemented in the RTDBMS.

III. THE DAGGERS PROCESS

Our DAGGERS process is a design-time systematic process
based on formal methods, meant to support system engineers
in identifying, designing, and implementing adequate transac-
tional support for RTDBMS in real-time systems. DAGGERS
inherits the PRISMA [6] terminological framework as well as
its methodological approach. In this section, we present the
major steps of the DAGGERS process, as shown in Fig. 1. In
the figure, A, C, I, D and T stand for atomicity, consistency,
isolation, durability and timeliness, respectively. A specific
relaxation of atomicity, also called a variant of atomicity [6], is
denoted as Ai, while one specific instance of Ai is denoted as
Ai,k. Similar denotations are applied to C, I, D and T variants.
In this paper we focus on hard real-time systems, in which
timeliness should never be relaxed (thus no other variants of T).
But in principle the process can be applied to mixed criticality
RTSs, where multiple variants of timeliness may exist.

We start with specifying the operations in the work units
and their logical and temporal properties. Then we formalize
them into transaction models, and verify the timeliness and de-
sired ACID properties with selected run-time mechanisms. Fi-
nally, under particular hardware behavior assumptions/models,
we obtain a set of tasks with their WCETs and blocking times,
which can be used for schedulability analysis, as well as the
verified run-time mechanisms for a tailored RTDBMS.

In the following we describe the steps of the process.
Step I: From system requirements a data management

expert identifies the work units, which are partially ordered
sets of logically related operations on data items, as well as the
logical and temporal requirements characterizing these work
units. The initial transactional properties are then specified
based on these requirements. A set of desired properties is
associated to each work unit, respectively, consisting of certain
variants of ACID and the timeliness constraints. For better
illustration, we assume that the desired isolation variant Ii
is identified to be PL-3 isolation level, which ensures full
isolation [7]. These specified computational behaviors together
with the properties are called transaction types.

Step II: The second step of DAGGERS consists of the
building, iterative tailoring and refinement of the transac-
tion models. First, by analyzing the dependencies between
transaction types, the data management expert organizes the
transaction types according to well-known transaction model

types. Next, initial yet formal design specifications are created,
including the design-level decisions for the ACID variants,
such as an optimistic concurrency control algorithm for PL-
3 isolation, denoted as Ii,k. The specifications can then be
modeled and verified by model-checking tools.

We propose to model transactional behavior as networks of
timed automata [8], which have underlying formal semantics
implemented in the state-of-the-art model-checker for real-
time systems, called UPPAAL [5]. In order to find possible
conflicting behaviors, we model-check the transaction models
annotated with timing information in form of invariants. The
output of the verification is given in terms of “yes/no” answers,
but also in terms of timing properties of transactions (e.g.,
execution time, blocking time, etc.). In case of a “no” answer
(meaning that inconsistencies exist) the verification returns a
counter-example that exposes the respective inconsistency. The
verification and validation of the transactions can be used to
detect: (i) any behavioral inconsistencies between the stated
transactional properties and the logical data requirements, as
well as (ii) any unresolvable timing inconsistencies between
the potential conflicts among concurrently executed transac-
tions and the timing requirements.

The transaction models are checked iteratively, together
with different candidate run-time mechanisms, provided by the
platform. If model-checking shows that unsolvable conflicts
occur with a particular candidate run-time mechanism (e.g.,
optimistic concurrency control), the mechanism will be re-
placed by another candidate (e.g., a lock-based algorithm), and
the model is verified again. Ideally, the successive checking
stops when no conflicts are detected anymore.

In case inconsistencies that cannot be resolved by any
candidate run-time mechanism model exist, traces of the in-
consistency as well as other feedback from the verification will
be stored into a repository. The obtained feedback can act as
heuristics that may help the data management expert to change
the transaction models, adjust the scheduling policy to separate
such transactions, or reflect further on the requirements. For
instance, a less restrictive isolation variant such as PL-1
isolation level [7] might be considered to replace the PL-3
isolation, since deadlines will be missed if the system has
to ensure the current logical consistency requirements. Then
the modeling and model-checking will restart. This iteration
continues until a consistent formalization is achieved.

At the end of this step, a set of refined transaction models is
generated, with specified timing constraints such as transaction
deadlines, and appropriate variants of atomicity, consistency,
isolation and durability. The WCET and blocking time for
each transaction are obtained with these selected mechanisms,
under particular hardware assumptions (e.g., we can assume
a hardware whose impact on the WCET is so small that it
can be ignored, or we can use abstract hardware architecture
(including cache) models in UPPAAL). In addition to transac-
tion models, the output of this step also includes the potential
conflicts, and the corresponding run-time mechanisms able to
resolve these conflicts, for each transaction model respectively.

Step III: In this step, we form a task set with their WCETs
and blocking times. In addition, we automatically generate an
RTDBMS by composing the selected run-time mechanisms.
We propose to generate the RTDBMS using the COMET
(COMponent-based Embedded real-Time) [9] platform, which
consists of a set of components that encapsulate specific
real-time database functionalities, and a set of aspects that
encapsulate cross-cutting concerns such as concurrency control
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Fig. 1. The DAGGERS process

and logging. By weaving selected components and aspects
from COMET, we generate a tailored RTDBMS that provides
run-time support for the resolution of potential conflicts and
assurance of desired transactional properties.

IV. TECHNICAL CHALLENGES AND STATUS OF
RESEARCH

Several key challenges need to be addressed in order
to support the DAGGERS process. One major challenge is
specifying and modeling the real-time transaction models. The
ACID and timeliness properties should be specified, in such a
way that we can easily reason about the possible relaxation of
ACID for timeliness. Existing techniques either only focus on
ACID, or have limitation in formal syntax and semantics. The
properties need to be specified in Timed Computation Tree
Logic (TCTL), and the behaviors of transactions as networks
of timed automata in UPPAAL. During the iterative verification
step, different candidate run-time mechanism models need to
be woven into the timed automata network dynamically, which
is not a trivial task. Guidelines and tool support, for example
specification patterns [10], are desired for the correctness and
efficiency of modeling.

Obtaining the WCETs and blocking times of transactions
is another challenge. Although some work has been done, for
example by Gustavsson et. al [11], on WCET analysis for
concurrent programs using UPPAAL, it remains nontrivial to
model and analyze database transactions with ACID properties.

Another challenge is to find a predictable resolution mech-
anism for the detected conflicts. In some situations, conflicts
may be resolvable without missing any deadlines if trans-
actions with certain dependencies are grouped together and
different run-time mechanisms are applied on different groups.
Methods for grouping transactions are necessary, which are
performed by either the verification tool, or the database
expert. It is also possible that the conflicts among some
transactions are not resolvable within bounded time by any

run-time mechanisms. For instance, no concurrency control
mechanism can ensure the desired isolation of particular trans-
actions without breaching their deadlines. In this case, these
transactions have to be separated in time, using techniques
such as static scheduling [12], offset scheduling [13] or explicit
mutual exclusion by semaphores in the transactions. In order to
adjust the scheduling policy, the verification framework should
provide traces of the conflicts, as well as other information
such as the blocking time from conflicting transactions and
rolling-back/restarting time caused by the conflicts.

One common challenge for solutions using model-checking
techniques is the scalability of model checking. UPPAAL-
SMC, an extension of UPPAAL with statistical model checking
for priced timed automata [14], improves the scalability via
bounded model-checking and can be used for the bounded
verification of complex systems, assuming certain probability
distributions. However, the provided result is not a guarantee
as in the symbolic model-checking, but rather a probability
estimation of a certain property, with a specific accuracy.

Regarding the status of our research, we have already car-
ried out some preliminary work on modeling transactions with
particular concurrency control mechanisms in UPPAAL [15],
and will continue to involve other mechanisms and properties.
Currently we are also working on a taxonomy of real-time data
aggregation, with a focus on the trade-offs between transaction
properties during the aggregation process. In our next steps,
we plan to develop a formal language for specifying real-time
transaction properties from system requirements. We will then
develop a framework based on UPPAAL, including models
of common candidate run-time mechanisms, for building and
iterative verification of transaction models. Finally, we plan to
implement an RTDBMS with the tailored transaction manage-
ment using the COMET platform.

V. RELATED WORK
Relaxing ACID for a compromised consistency has been

investigated in the database community. In recent work, nec-
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essary trade-offs have been proposed among data consistency,
availability and scalability [16], as well as database perfor-
mance [17]. However, existing works do not take timeliness
into consideration, which is a core property for RTSs and the
focus of our process.

Noticeable research efforts have been made in engineering
tailored DBMSs in recent years. COMET [9] combines a
component-based approach and aspect-oriented programing
to build tailored RTDBMS. Encapsulating database function-
alities as components, and crosscutting features as aspects,
COMET generates a tailored RTDBMS by weaving the se-
lected components and aspects together. In FAME-DBMS
[3], functional requirements on a DBMS are represented as
features. DBMS variants are generated by composing the
reusable features. The selection of building modules in these
approaches is based on functional requirements analysis, as
well as constraints on code-size and performance. They mainly
address resource consumption and footprint issues for em-
bedded systems, rather than the timeliness of transactions
and the possible conflicts with ACID assurance. Our process,
as a contrast, starts from deriving the real-time transaction
models accounting for both timeliness and ACID properties.
During the verification of transaction models, the run-time
implementations are selected, and are proved to guarantee
the desired timeliness and data consistency requirements. The
existing platforms for generating the tailored DBMS can be
integrated into our process at the implementation phase.

Substantial work has been done on formal specification and
reasoning of transaction models. The ACTA [18] framework
provides a first order logic formalization to specify the transac-
tional effects on data and the interaction between transactions,
facilitating reasoning of transaction properties and flexible
synthesis of transaction models. Real-Time ACTA [19] extends
ACTA with formalization of real-time constraints on transac-
tions and data. However, the formal syntax and semantics for
specification of ACID variants provided by ACTA and Real-
Time ACTA are limited, and tool-support for verification is
lacking. SPLACID [20] improves ACTA by providing a more
complete language support for ACID variants and their sub-
features, but real-time properties are not included. Non-ACTA
descendant work has also been proposed. For example, Wang
et al. [21] proposed Abstract Transaction Construct (ATC)
that encapsulates the structure and behavior of a transaction
service. However, none of these works provide specification
for both ACID and real-time properties, or support verification
of transaction models with run-time mechanisms.

VI. SUMMARY
In this paper, we have introduced the DAGGERS process

(of our newly funded project DAGGERS), which aims at
generating a tailored RTDBMS that ensures appropriate trade-
offs between global data consistency and transaction timeliness
in RTSs. In this process, work units and their ACID and
timeliness properties are specified from system requirements.
Based on this specification, transaction models are derived
and iteratively refined by means of formal verification. By
composing the run-time mechanisms proved to resolve possible
detected conflicts, an RTDBMS is generated to support the
refined transaction models. A task set with their WCETs and
blocking times are obtained.

Compared to current tailored DBMS solutions that com-
monly base their customization on the functional requirements,
and constraints on resource consumption, footprint and perfor-
mance, our process relies on the analysis and verification of

transaction models, thus achieving the desired data consistency
and transaction timeliness required by the particular RTS.
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Abstract—Current avionics architectures implemented on

large aircraft use complex processors, which are shared by

many avionics applications according Integrated Modular

Avionics (IMA) concepts. Using less complex processors on

smaller aircraft such as helicopters leads to a distributed

IMA architecture. The objective of this paper is to eval-

uate, on a realistic helicopter case study, the feasibility

of such distributed architectures. Main contribution is the

evaluation of the allocation of the same reference avionics

application on different possible distributed physical archi-

tectures. Managing the allocation of the avionics application,

described as ARINC 653 partitions linked by APEX logical

communication channels is twofold. A first problem deals

with the feasibility of a static allocation of partitions on

each processing unit and the static allocation of logical

communication channels on communication links or shared

networks. But a second problem is the worst-case end-

to-end distributed application delay analysis: due to the

scheduling of partitions on each asynchronous processor and

the scheduling of communication on shared communication

means, some allocation schemes cannot be chosen. This paper

points out the complexity of taking into account these two

aspects altogether on different possible distributed target

architectures.

Keywords-Distributed Integrated Modular Avionics; dis-

tributed processors allocation problem; end-to-end applica-

tive delay analysis;

I. INTRODUCTION

Helicopter and aircraft industries attempt to reduce
weight and power consumption in helicopters and aircraft.
The Integrated Modular Avionics (IMA) architecture is a
first step in this direction: instead of having one function
per processor like in federated architectures, several func-
tions share the same processor. Moreover, communication
can be also shared to reduce the number and the weight
of cables [8][12]. But the implementation of IMA in
helicopters has to take into account additional constraints.

In large aircraft, processing units are grouped in a
limited number of centralized racks [12]. But in smaller
aircraft such as helicopters, the idea is to integrate equip-
ment in unused area. Moreover new devices have to be
positioned so as to balance weight in the whole helicopter
[1].

To face these new constraints, one way is to have a
larger number of (possibly less complex) processors that
can be distributed in the whole helicopter. The problem is
then to guarantee timing properties of distributed avionics
systems.

Main objective of this paper is to evaluate the feasibility
of such distributed IMA architecture on a realistic heli-

copter case study. Main contribution is the comparison of
possible allocation schemes of the same reference avionics
application on different physical architectures. Static allo-
cation of the avionics application on a given architecture
is based on necessary (but not sufficient) conditions for
sharing processors and communication links. But dynamic
aspects that lead to variable applicative end-to-end delay
need a worst-case analysis.

II. AVIONICS SYSTEM ARCHITECTURES CONTEXT

Each avionics embedded system is composed of a set of
functions distributed on a set of devices. Thus, an avionics
system can be described according two aspects: an applica-
tive architecture which describes how different functions
can be grouped in communicating partitions and a physical
architecture which describes how the different processing
units can be interconnected through communication links
or shared networks.

A. Physical architecture

Figure 1 depicts the physical architecture of a Vehicle
Monitoring System (VMS) [2] we will use as a case study.
Its goal is to alert the pilot when a parameter is starting
to exceed limits before reaching the alarm threshold and
to provide the value of a parameter when the pilot asks
for it [3]. This typical avionics system is composed of two
duplex Aircraft Management Computers (AMCs) [2], four
Multi-Function Displays (MFDs) and local I/Os [2].

All these devices are interconnected thanks to dedicated
point-to-point links (figure 1 example) or a shared net-
work.

Figure 1. Reference physical architecture of the VMS
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B. Applicative architecture

Each avionics function is modeled by a set of com-
municating partitions standardized by ARINC 653 [4].
A partition can be seen as the allocation unit on one
processor. Four real-time attributes are associated to each
partition Pi: period (duration between two activations,
Per(i)), Worst Case Execution Time (WCET(i)), release
time of the first occurrence of the partition (Offset, Rel(i))
and deadline as illustrated in figure 2.

Figure 2. Real-time attributes of a partition Pi

Two partitions can communicate through APplication-
EXecution (APEX) communication channels as described
by ARINC 653 [4]. Figure 3 describes seven partitions
that have to be allocated on each AMC processor of the
Vehicle Monitoring System (VMS) physical architecture
presented in figure 1.

Figure 3. Main communication flows of communicating partitions

III. ALLOCATION PROBLEM

A. Necessary conditions on processors allocation

Let us consider the Vehicle Monitoring System previ-
ously described. Its applicative architecture is depicted in
figure 3. It includes 7 partitions, P1 to P7. Partitions P1

to P4 execute on 4 processors for redundancy reasons.
Partitions P5 to P7 are used for recording and they execute
on all the processors where at least one partition executes.
This existing allocation is depicted in figure 4 (1 processor,
allocation 1). 1 single processor out of the 4 redundant
ones is represented. The 3 other ones are identical. One
envisioned evolution of this system is to replace each
processor by a set of less powerful processors. It will lead
to 4 sets of processors. The set of partitions is identically
distributed on each set of processors.

Figure 4 depicts 4 among 14 possible allocation
schemes on sets of 2, 3 and 4 processors. Once again,
only one set is represented for each possible allocation,
since the 3 other sets are identical.

Let us have a look at allocation 2A. It considers 2
processors for each set. Partition P1 is allocated to the

Figure 4. Possible allocation schemes

first processor while P2, P3 and P4 are allocated to the
second one. P5, P6 and P7 have to be allocated to both
processors of the set, as previously explained.

Once the different allocations are obtained, the MAjor
Frames (MAFs) of each processor has to be built. These
constructions consist in defining the possible hyper-cycles
of the execution of partitions. As partitions are periodic,
a pattern appears as illustrated in figure 5. This pattern
lasts an hyper-period Hyp, i.e. the least common multiple
(LCM) of the periods of the partitions allocated on the
processor. It is split in different slots which each lasts
the smallest period of the partitions allocated in the
processor. Figure 5 shows one possible minimal MAF in
one processor. A MAF is not retained if a partition cannot
be scheduled.

This construction has to take into account the use of less
powerful processors. Let us consider a processor which is
less powerful than the initial processor by a factor ↵. We
denote WCET↵(i) the WCET of partition Pi on this new
processor. We assume that WCET↵(i) only depends on
WCETinitial(i) and ↵. Thus, we have:

WCET↵(i) =
WCETinitial(i)

↵
,↵ 2]0, 1] (1)

This is an abstraction done in this work for reaching a
panel of platforms. For a specific platform, WCETs will
be determined for each partition on each processor.

Figure 5. Sharing of processing ressources

B. Necessary conditions on communications allocation

The scheduling of messages highly depends on the kind
of communication means. In the context of this case study,
dedicated links between processors are considered. Each
link is shared by the set of partitions allocated to the source
processor of the link, based on a First Come First Served
policy.
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The transmission time Tm,l of a given message m on a
link l depends on both the size of the message size(m)
and the bandwidth of the link �. Classically, we have:

Tm,l =
size(m)

�(l)
,�(l) 2]0, 1] (2)

Let us denote Ml the set of all messages transmitted
on link l. We have to ensure that l is not overloaded. In
order to do that, we compute the overall bandwidth of
all the messages in set Ml. The bandwidth Bd(m, l) for
one message m depends on its transmission time Tm,l, the
period Per(i) of its source partition Pi and the bandwidth
of the link �(l).

Bd(m, l) =
Tm,l ⇤ �(l)
Per(i)

(3)

Then, the overall bandwidth Bd(l) for messages in Ml

is:
Bd(l) =

X
m2Ml

Bd(m, l) (4)

A given link l is not overloaded if Bd(l) does not
exceed the available bandwidth, i.e:

Bd(l)  �(l) (5)

In this paper, we have presented architectures where the
connection of processors is done by dedicated communi-
cation links. This connection can also be done by shared
communication network. The difference impacts the worst
case transmission time between a source partition Pi and
a destination partition Pj (WCTT (i, j)): with a switched
network, a jitter (present with dedicated links) can be
more important due to a waiting time in switches, with
a bus network, a bus access delay can exist, etc. Our
final objective is to compare new distributed architectures
taking into account the interconnection mean.

Figure 6. Example of new possible architectures

Figure 6 (part a) illustrates a possible evolution of
the existing two bi-processors architecture: four mono-
processors interconnected through a shared communi-
cation network. Figure 6 (part b) illustrates a more
distributed architecture: eight mono-processors, intercon-
nected by a shared network as illustrated in figure 6.
The goal is to allocate partitions in different architectures

as in figure 6 and check that necessary conditions as
well as sufficient condition on application end-to-end
delay presented in the next section are verified. The final
objective is to compare new distributed architectures.

C. Sufficient condition on application end-to-end execu-
tion delay

Figure 7 presents the configurations (according ↵min

and �min values) verifying necessary conditions presented
in previous paragraphs.

Figure 7. Minimal configurations allocation

However an allocation is valid only if the application
end-to-end execution delay does not exceed a maximum
value.

The application end-to-end execution delay corresponds
to the maximum data age of an emitted data not overwrit-
ten, i.e. the maximum delay between the last produced
input not overwritten until its last use. This delay is
illustrated in figure 8 between P2, P3 and P4 in the case
of flow MR depicted in figure 3.

Figure 8. End-to-end execution delay with ↵ = 0.6 and �(l) = 0.001

According to the allocation and the scheduling of par-
titions, the end-to-end execution delay varies as depicted
in figure 8. The worst case end-to-end execution delay
depends on MAFs and offsets, i.e. the release time of
processors: two previous consecutive partition instances
cannot become reachable anymore as illustrated in figure
9.

These worst case offsets are obtained when a data
arrives just after the beginning of the execution of the
partition, implying the processing of data one period after.

In our study, sufficient condition is that the end-to-
end execution delay cannot exceed one WCET and one
period of the partition P3. The evaluation of the worst
end-to-end delay in figure 8 shows that the allocation 2A
respects all the conditions whereas the allocation 2B is
not valid. This preliminary study shows the importance of
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Figure 9. Influence of offsets on end-to-end delay

such a sufficient condition for validating a given allocation
scheme.

D. The need of an integrated approach

The allocation process described in the previous section
has to cope with two aspects: the first one is static
allocation of partitions to processors and mapping of
communication channels on available links and networks,
the second one deals with the temporal analysis of ap-
plicative end-to-end delay according to a given allocation
scheme. Previous works have been devoted to some of
these problems.

Many of them take into account allocation problems.
For certification and reliability reasons, the scheduling is
done off-line. Thus, a planning is done on the basis of the
temporal characteristics of partitions. In [5] the authors
proceed in two steps : first they schedule partitions on
execution nodes, second they route flows on the avionics
network. Work proposed in [9] deals with the allocation
of partitions trying to minimize the communication costs.

Some of them integrate temporal analysis of embedded
systems. Many works have been devoted to the worst-case
delay analysis on AFDX network [7][11], the temporal
requirements verification of systems [10], and the com-
plexity of communication delays [6].

Our aim is to propose an approach, which copes al-
together with static allocation of partitions and logical
communication channels and with a guaranteed dynamic
applicative end-to-end delay. In the preceding sections we
formalize the different parts of this approach.

IV. CONCLUSION

This paper shows how it could be possible to distribute
an IMA architecture in order to cope with constraints of
small aircraft or helicopters. Starting from an applicative
architecture including a set of communicating partitions,
the goal is to find the best physical architecture as well as
the allocation which optimize given criteria. These criteria
concern mainly processor speed and communication mean
bandwidth. But the validation of temporal property is
essential.

We are formalizing the allocation problem and work
underway deals with the generalization of sufficient condi-
tion in order to validate more complex distributed avionics
architecture (shared networks, remote I/Os). Moreover,

main problem is to test all potential candidate architec-
tures. This can be done only for small systems. Thus, a
heuristic approach has to be defined in order to be able to
find optimal or near-optimal allocation in the context of
complex systems.
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Abstract—In worst-case execution time (WCET) analysis, 
often the input program contains loops or functions that have 
multiple execution paths.  The paths have varying execution 
times, and it is the job of a WCET tool to identify worst-case 
paths.  However, in some cases the worst-case path is infeasible.  
A timing tool can provide tighter bounds on the WCET if it can 
disregard infeasible paths from its analysis.  This paper describes 
a new technique where infeasible paths are detected by means of 
branch analysis on the input program’s assembly code.  By doing 
the analysis at the assembly level makes it unnecessary to rely on 
a compiler to provide control-flow information.  As a result, 
retargeting the timing tool to a new instruction set can be 
streamlined. 

Keywords—control-flow analysis, branch constraints, infeasbile 
paths, worst-case execution time 

I.  INTRODUCTION 
The goal of worst-case execution time (WCET) analysis is 

to provide a real-time system with an accurate and tight bound 
on the WCET of tasks, so that the system can most effectively 
schedule these tasks.  Quite often, an input program or 
benchmark being analyzed will feature one or more loops or 
functions that contain multiple execution paths.  These paths 
come about due to the presence of conditional execution (e.g. 
if) statements, which give rise to conditional branch 
instructions (e.g. beq, blt, etc.) in the assembly code.   

A WCET analysis tool needs to identify the worst-case path 
through each loop and function.  However, it is possible that 
the longest path cannot actually be taken because it is 
infeasible.   This can happen if the path traverses two branch 
instructions that require contradictory conditions to be true.  
For example, a function could contain two if-statements, one 
testing if a variable is zero, and the other if the same variable is 
not zero.  Assuming that the variable is not updated, it would 
be impossible to enter the bodies of the two if-statements.  
Thus, we have an infeasible path.  If a WCET tool can 
recognize infeasible paths and remove them from the analysis, 
it can realize two benefits.  First, the complexity of the analysis 
is reduced, since fewer paths need to be considered.  Second 
and more importantly, the WCET can be tightened whenever 
the longest-running path can be eliminated. 

This paper describes a tool called RALPHO [5]:  a 
Retargetable Assembly-Level Program Hierarchical Organizer.  
The purpose of RALPHO is to analyze assembly code to glean 

control-flow information.  The authors have modified 
RALPHO to include branch constraint analysis in order to 
make it possible for our timing analysis tool [6, 7] to detect 
infeasible paths.  It can work with any type of WCET analysis, 
whether it be traditional [10], parametric [4], or stochastic [8]. 

The contribution of this paper is that RALPHO is able to 
perform its analysis on assembly code, and it is relatively 
straightforward to retarget it to a new instruction set.  In the 
past, our timing analysis tool relied on a compiler [2, 7] to emit 
control-flow information.  To retarget the tool to a new 
architecture would require a significant modification to the 
compiler, which is a significant undertaking.  RALPHO is also 
computationally efficient.  It can determine the number of 
iterations of a loop in most cases, and pass this information to 
the timing analyzer, which can replicate the effect of each loop 
iteration [4, 6] in constant time.  Other approaches that detect 
infeasible paths [3, 9, 10] perform a less computationally 
efficient analysis because the effect of each loop iteration needs 
to be explicitly evaluated one at a time. 

II. APPROACH 
Figure 1 depicts the framework for obtaining the WCET for 

a task, and RALPHO’s role in the process.  A compiler, such as 
gcc, generates assembly code for the target architecture.  This 
assembly file is fed to the RALPHO system in order to 
determine the control-flow information.  RALPHO also reads 
an Assembly Definition File (ADF), which specifies the format 
of the assembly syntax.  Once the control-flow information has 
been gathered, it is then possible to enumerate the function 
instances and the set of paths for each loop and function in the 
program.  In this paper, we focus on the control-flow 
information phase of RALPHO. 

RALPHO presents its control-flow information 
hierarchically.  A program consists of functions, which in turn 
consists of instructions.  The instructions can be organized into 
basic blocks.  Some basic blocks contain a transfer of control 
instruction, which gives rise to control flow and loops.  The 
current design of RALPHO is designed for the ARM7 platform 
but it also retargetable other instruction sets.  Details about 
RALPHO’s original design can be found in [5].    

The structure of our timing analysis tool is beyond the 
scope of this paper.  The timing analyzer expects input files, 
including information about the program’s control flow from 
RALPHO, to conform to a predefined format.  It is then 

This work was supported in part by grants from the Furman Advantage 
and Francis M. Hipp Research Fellowship and the South Carolina 
Independent Colleges and Universities Research Program.  
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capable of estimating the WCET, the parametric WCET when 
appropriate, and the probabilistic distribution of execution 
times. 

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 1. Framework for RALPHO and timing analysis. 

A. RALPHO Preliminaries 
RALPHO first reads the ADF to understand the assembly 

syntax being used. The ADF contains the following 
information.  

• Whether the architecture employs delayed branching 

• Name of function call instruction 

• Identifiers for code and data sections 

• Pipeline stages 

• Comment symbol 

• Register names, types, and sizes 

• Format of individual instructions in the instruction set, 
including number of cycles spent in each pipeline 
stage 

• Branch and jump instructions 

Next, RALPHO reads the assembly code.  It aims to 
determine the overall structure of the source program.  The 
highest level of program organization is the function.  Since 
library functions are not evaluated by the timing analyzer, it is 
necessary for RALPHO to distinguish library functions from 
functions that are actually present in the program being 

analyzed.  For each function call, it is necessary to determine if 
the function being called actually resides in the input source 
code, or is a function in the run-time library which is outside 
the scope of what is going to be analyzed by the timing 
analyzer.  For each function, RALPHO detects its instructions 
and their operands.  Then it proceeds to compute the function’s 
basic blocks and loops, which are critically important for 
timing analysis. 

Often, assembly code has labels to identify the targets of 
branch, jump and function call instructions.  RALPHO 
determines which labels represent the start of a function, as 
opposed to the targets of ordinary branch and jump 
instructions.  In some cases, branch and jump labels are not 
present in the assembly code.  For example, the compiler may 
use the binary address instead as the destination of a branch or 
jump.  In this case, RALPHO simply inserts an explicit label at 
the target instruction. 

Next, RALPHO groups the instructions in each function 
into blocks.  For the purpose of our analysis, a “block” is a 
basic block [1], which is a set of assembly instructions that are 
guaranteed to be executed together.  In other words, once a 
block is entered, all of the remaining instructions in that block 
must execute.  Blocks are delimited in two ways.  First, a label, 
which usually represents the target of a branch, jump, or 
function call, signals the start of a block.  Any transfer-of-
control instruction signals the end of a block.  RALPHO uses 
these features to delimit blocks. 

Once the blocks have been determined, RALPHO next 
detects all of the loops in each function.  This analysis begins 
by finding the successors, predecessors, and dominators of 
each block [1].  The dominators of a block B comprise those 
blocks where control must have traveled through in order to 
reach B.  We identify which blocks comprise the loop, and 
which block is the loop header (i.e. the first block to be 
executed in the loop).  We also determine if this loop is nested 
inside another loop, and the nesting level of the loop.  This is 
important for loop iteration calculation, because the inner loop 
control variable may depend on an outer loop control variable 
[4].  To calculate the number of loop iterations, RALPHO finds 
the register representing the loop control variable, and then 
detects how this register is initialized before the loop, as well 
as the limit and the stride.  A formula for computing the loop 
iterations is then used [4, 6]. 

B. Branch Constraint Analysis 
After determining the basic structure of the source program, 

RALPHO looks at each loop in the program to predict branch 
behavior or correlation, which will be useful later in 
determining which paths are infeasible.  The algorithm for 
determining infeasible paths is based on previous work [6].  
Branch behavior is analyzed by two routines in RALPHO:  
compare_branches and check_loops. 

Branches of a loop or function are considered in pairs.  The 
function compare_branches returns a list of 4 elements.  These 
indicate which of the 4 possible paths through the two branches 
is/are possible.  These paths are:  both branches taken, first one 
taken and second one falls through, first one falls through and 
second one taken, and both branches fall through.  The routine 

Assembly 
Definition File Assembly Code 

RALPHO 

Control Flow Information 

Function Instances 
Path Information 

 
 

Timing Analysis 
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then determines which of these four scenarios is possible, and 
returns these answers to check_loops. 

Compare_branches examines two branches on the same 
register within the same function.  It considers 6*6*3 = 108 
possible cases of branch correlation.  The two branches being 
compared are of the form (Ri relopi consti) and (Rj relopj 
constj), where Ri and Rj are registers, relopi and relopj are each 
one of six possible relational comparisons (i.e. <, >, <=, >=, 
==, !=), and consti and constj are the immediate values the 
registers are being compared to.  There are 6 relational 
operators for each branch comparison.  Each branch is 
comparing a register to a constant.  The factor of 3 comes about 
due to the relationship between consti and constj, namely that 
consti == constj, consti > constj, or consti < constj. 

The routine check_loops involves these steps: 

• First, for each register, we calculate in which blocks it 
is used in a comparison for a conditional branch. 

• Second, for each register R, if there is more than one 
branch that uses R, let Bi and Bj be the blocks 
containing these branches.  We invoke 
compare_branches(Bi, Bj) to determine how the 
branches correlate.  The result is stored in block Bi. 

• Third, we perform the branch prediction.  For each 
block Bi, if Bi contains an instruction that assigns a 
constant to a register R, and R is used in a comparison 
in block Bj (which could be the same as Bi), 
temporarily create a temporary synthetic beq 
instruction and invoke compare_branches(Bi, Bj).  

• Finally, sort the branch constraint information by 
block so that the information can be used by the 
timing analyzer. 

RALPHO detects nine possible branch constraints, listed 
below.  These constraints can be grouped into two categories.  
The first three deal with branch prediction, while the other six 
deal with branch correlation [7].  In each scenario below, it is 
assumed that block B contains a conditional branch that is 
taken or not; i.e. it branches or it falls through.  In the second 
group of constraints, block A also has a branch instruction. 

• Branch prediction constraints 

o Block A makes block B unknown         

o Block A makes block B fall through 

o Block A makes block B branch 

• Branch correlation constraints 

o If A falls through, then B is unknown 

o If A branches, then B is unknown 

o If A falls through, B will branch 

o If A falls through, B will fall through 

o If A branches, B will branch 

o If A branches, B will fall through 

Some of the branch states use the word “unknown” in place 
of fall through or branch.  Unknown means that the effect of 
the current block A on the branch in block B is ambiguous or 
cannot be determined.  In other words, there is not enough 
information to say definitively whether B will be taken or not.  
Marking a branch effect as unknown avoids the problem of a 
branch misprediction.  As an example, consider the comparison 
i < 10.  A block performing i++ would make the result of the 
comparison unknown.  In most cases, incrementing i by 1 
would have no effect on the branch, but in the case that i is 
being incremented from 9 to 10 would cause a change in the 
branch behavior.  If both cases are plausible, RALPHO 
declares the branch to be unknown.  Furthermore, in the current 
implementation of RALPHO, we only track branch correlations 
if the comparisons are made to constants.  Statements 
comparing two registers, which could result from high-level 
statements such as x == y, are not handled at present, and these 
branches are treated as unknown.  The effect of having an 
“unknown” branch is that the timing analyzer would not be 
able to rule out a path containing this branch even if it might be 
infeasible. 

Finally, after all of the branch constraint information has 
been calculated, we wish to detect infeasible paths in each loop 
and function, and remove them from the analysis.  For 
simplicity, a function is treated as a loop with one iteration.  A 
loop consists of one or more blocks.  Each block is annotated 
based on what effect it has on branches that occur throughout 
the loop.  Later, paths are created, and then those containing 
infeasible block-to-block transitions are immediately removed. 

III. EXPERIMENTAL EVALUATION 
We implemented the RALPHO system for gaining timing 

data for tasks running on an ARM7 processor.  The 
development board we used was the NXP LPC2138-based Keil 
MCB-2140.  A similar platform, the LPC2138, was used in the 
WCET Tool Challenge, 2011 [9].  The simulator we are using 
for testing the timing analyzer’s WCET estimates was Keil’s 
MDK-ARM Professional simulator for the ARM7.   

Here is a simple illustrative example given to RALPHO 
and the timing analyzer.  Suppose a function (which could also 
be a loop body) contains two if-statements as follows.  In this 
example, after compilation, the code comprises five basic 
blocks, containing 5, 9, 2, 9 and 2 instructions, respectively. 
  // Block 1:  initial code in function 
 
  if (a == 1) { 
     // Block 2:  body of if-statement 
  } 
 
  // Block 3:  up through next if-statement 
  // The variable a is not modified. 
 
  if (a != 1) { 
     // Block 4:  body of if-statement 
  } 
 
  // Block 5:  rest of function 
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RALPHO is able to determine the following facts about the 
branch correlations.  Blocks 1 and 3 have a relationship where 
if block 1 branches then block 3 falls through, and if block 1 
falls through then block 3 must branch.  RALPHO also detects 
that this relationship works in reverse as well:  if block 3 
branches (falls through), then block 1 falls through (branches).  
However, it turns out that no execution path encounters block 3 
before block 1.  Here are the possible execution paths based 
only on the control-flow of the blocks using predecessor and 
successor information: 

Path 1 comprises blocks 1, 2, 3, 4, 5 and executes 27 
instructions.   

Path 2 comprises blocks 1, 2, 3, 5 and executes 18 instructions. 

Path 3 comprises blocks 1, 3, 4, 5 and executes 18 instructions. 

Path 4 comprises blocks 1, 3, 5 and executes 9 instructions. 

When we also perform the branch correlation analysis in 
this example, the timing analyzer can automatically determine 
that paths 1 and 4 are infeasible.  It turns out that one of the 
infeasible paths would have been the worst-case path if the 
static analysis did not consider branch constraints.  As a result, 
the WCET can be exactly determined in this example, instead 
of overestimating the WCET by more than 30 percent.  
Incidentally, the best-case execution time (BCET) estimation is 
tightened as well because the shortest path has been eliminated 
from the timing analysis. 

IV. CONCLUSION AND ONGOING WORK 
The goal of this research is to provide a timing analysis tool 

with the control-flow and branch constraint information it 
needs to detect infeasible paths.  What is novel about the 
approach is that we efficiently produce constraint information 
in RALPHO directly from the assembly code.  In other words, 
it is no longer necessary to modify the back end of a compiler 
to produce this information [2, 7].  As a result, it is easier to 
retarget the analysis tool to a new architecture.  Ongoing work 
includes testing our system with standard real-time benchmarks 
used in the WCET community. 

This work continues in a couple of areas.  We are currently 
modifying RALPHO to consider branch correlations where a 
register is compared to another register, instead of just a 

constant.  Next, additional analysis can detect other value-
dependent constraints, such as if a branch is taken on certain 
iterations of the loop. This can assist with analysis questions 
besides WCET [9], such as bounding the minimum or 
maximum number of times a certain path is taken or how many 
times a function is called.  Finally, interprocedural (i.e. inter-
function) analysis can be performed.  For example, consider a 
loop containing a function call, and the called function itself 
contains a loop.  It would be useful to be able to detect this 
implicit nested loop, and doing so can improve estimates of 
execution time. 
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