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Dynamic Priority Scheduling of Multithreaded
ROS 2 Executor With Shared Resources

Abdullah Al Arafat

Kecheng Yang™', Member, IEEE, and Zhishan Guo

Abstract—The second generation of robot operating system
(ROS 2) received significant attention from the real-time system
research community, mostly aiming at providing formal modeling
and timing analysis. However, most of the current efforts are
limited to the default scheduling design schemes of ROS 2. The
unique scheduling policies maintained by default ROS 2 signifi-
cantly affect the response time and acceptance rate of workload
schedulability. It also invalidates the adaptation of the rich exist-
ing results related to nonpreemptive (and limited-preemptive)
scheduling problems in the real-time systems community to
ROS 2 schedulability analysis. This article aims to design, imple-
ment, and analyze a standard dynamic priority-based real-time
scheduler for ROS 2 while handling shared resources. Specifically,
we propose to replace the readySet with a readyQueue, which is
much more efficient and comes with improvements for callback
selection, queue updating, and a skipping scheme to avoid priority
inversion from resource sharing. Such a novel ROS 2 executor
design can also be used for efficient implementations of fixed pri-
ority policies and mixed-policy schedulers. Our modified executor
maintains the compatibility with default ROS 2 architecture. We
further identified and built a link between the scheduling of
limited-preemption points tasks via the global earliest deadline
first (GEDF) algorithm and ROS 2 processing chain scheduling
without shared resources. Based on this, we formally capture the
worst-case blocking time and thereby develop a response time
analysis for ROS 2 processing chains with shared resources. We
evaluate our scheduler by implementing our modified scheduler
that accepts scheduling parameters from the system designer in
ROS 2. We ran two case studies—one using real ROS 2 nodes
to drive a small ground vehicle, and one using synthetic tasks.
The second case study identifies a case where the modified
executor prevents priority inversion. We also test our analysis
with randomly generated workloads. In our tests, our modified
scheduler performed better than the ROS 2 default. Our code
is available online: https://github.com/RTIS-Lab/ROS-Dynamic-
Executor.

Index Terms—Nonpreemptive earliest deadline first (EDF),
processing chains, robot operating system (ROS) 2, ready
queue.
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I. INTRODUCTION

OBOT operating system (ROS), an open-source frame-

work, has been extensively utilized in designing robotics
applications and autonomous systems over the past decade,
primarily due to their modularity and composability. Most
applications involving autonomous systems and robotics
software are associated with safety-critical systems, where
ensuring “timing correctness” is a prerequisite prior to deploy-
ment. However, despite the heavy use of ROS in these
applications, ROS has inherent limitations concerning real-
time capabilities.

Consequently, ROS was completely refactored in the second
generation, denoted as ROS 2 [1], to add real-time capabilities.
Casini et al. [8] first provided a formal scheduling model
of ROS 2 executor and developed a response time bound
for the ROS 2 workload (i.e., processing chains), revealing
a significant difference between standard real-time scheduling
model and default ROS 2 executor scheduling model. The key
source of difference is that ROS 2 executor maintains a set
to record callbacks (executable units), denoted as readySet,
with unique properties of set update and callback selection
policies. Since then, several works [2], [7], [9], [26], [27], [28]
improved the analysis of response time bound modeling the
ROS 2 workloads as either processing chains or a directed-
acyclic-graph (DAG) for the ROS 2 executor scheduling
model. However, most of these methods are developed for
a single-threaded executor and are limited to analyzing
the default readySet-based executor scheduling scheme.
Recently, Jiang et al. [16] and Sobhani et al. [24] presented
a scheduling model and analysis for default multithreaded
executor. Moreover, Jiang et al. [ 16] observed that if all callbacks
in the system shared a common resource, then the multithread
ROS 2 performs inconsistently (i.e., there exists a concurrency
bug); however, no solution was provided to resolve the issue.

As the scheduling model of default ROS 2 executor signif-
icantly differs from the standard real-time scheduling model,
one can hardly adapt existing results for the ROS 2 scheduling
problem. Therefore, one natural question arises: Is it possible
to modify the ROS 2 executor to adapt standard schedul-
ing analysis techniques without breaking the fundamental
properties of ROS 2? Arafat et al. [2] first attempted to
modify a single-threaded ROS 2 executor to apply a dynamic-
priority-based scheduler. This article focuses on designing,
implementing, and analyzing a multithreaded ROS 2 executor
for dynamic priority-based scheduling.

1937-4151 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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One of the key obstacles to the shift toward a multithreaded
executor is resource sharing between callbacks. ROS 2 allows
resource sharing among callbacks by putting them in a mutu-
ally exclusive callback group, which the user can use to protect
critical sections and prevent deadlock. This, in addition to
redesigning the readySet to make it priority-based sorting,
makes designing a multithreaded executor for priority-based
scheduling very challenging and significantly different than
93 designing one for a single-threaded executor.

Contribution: Our contributions are threefold.

Y

2)

3)

We design a (flexible) multithreaded ROS 2 executor
that can be used for fixed-priority, dynamic-priority, and
mixed-priority-based scheduling where the user can select
a preferred scheduling policy through user input. We
propose to have the executor maintain a queue, denoted as
readyQueue, which replaces the readySet in ROS 2
torecord the ready callbacks. To cope with readyQueue
maintain compatibility with default ROS 2 architecture,
we design callback selection, queue updating, and a
skipping scheme to avoid priority inversion from resource
sharing (ref. Section IV). Such a design significantly
reduces the complexities related to the queue (or set)
update and callback selection policies of the executor
compared to its default design. Notably, the designed
executor can successfully overcome the concurrency bug
related to resource-shared callbacks that existin the default
ROS 2 multithreaded executor (please refer to Case Study
2 in Section VI-A for more details).

We focus on analyzing the response time for (callback-
level) nonpreemptive earliest deadline first (EDF) for
the multithreaded ROS 2 executor, even though our
modified executor can be used for other schedulers. We
identified and built a link between the scheduling of
limited-preemption points tasks via global EDF (GEDF)
and ROS 2 processing chain scheduling without shared
resources. Based on this, we formally capture the worst-
case blocking time and thereby develop a response time
analysis (RTA) for ROS 2 processing chains with shared
resources (ref. Section V).

We evaluate our scheduler using two real-world case
studies, and show that it improves upon the default
executors. We identify issues with the default ROS 2
executors and discuss how our modifications work
around them (ref. Section VI-A). We then evaluate the
overheads of the proposed executor and compare them
with existing executors (ref. Section VI-B). We further
test our RTA with synthetic workloads and show that
it can successfully schedule more workloads than the
default ROS 2 executors (ref. Section VI-C).

II. BACKGROUND—MULTITHREADED ROS 2

ROS 2 is a collection of libraries that provide a middleware
136 between the operating system and application layers for
137 robotics applications (Fig. 1). Specifically, ROS 2 provides a
18 client library rcl with language-specific libraries (e.g., rclcpp,
139 rclpy) containing the executors, and middleware library (rmw)

=

£ (O callback
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"& G Node
<

2 Client Library | Language-Specific Client Library
z

3 el | [_relepp [Executor ] rclpy ]
£ | ros2 Data Distribution Service (DDS

8 Linux/RTOS

E Processor| |Processor oo Processor

Fig. 1. Simplified ROS 2 architecture.

containing the publisher-subscriber mechanism for interpro-
cess communication to the data distribution service (DDS).
ROS 2 integrates with open source and commercially available
DDS systems [10], [11], [13].

The minimum executable unit of the ROS 2 application
layer is called callback. There are four types of callbacks in
ROS 2, such as timer, subscriber, service, and client, with a
semantic priority order: timer > subscriber > service > client.
For ease of presentation, throughout this article, we refer to
nontimer callbacks as regular callbacks. Callbacks can be
run in response to messages, service calls, or timers in the
ROS 2 system. Callbacks are organized into nodes, which
separate related callbacks into logical groups. In ROS 2,
applications are typically composed of a series of individual
nodes distributed in the application layer. Nodes use DDS
for real-time message exchange through a publish-subscribe
mechanism. Nodes can listen for messages from other nodes
(including itself) using subscribers. Service calls are an exten-
sion of messages, where a service provider responds to all
incoming messages with a response message. Nodes use timers
to run callbacks at specific periods.

Callbacks are usually arranged into chains, where each chain
starts with a timer, and each callback in the chain sends a
message that starts another callback until the last callback,
which produces a result or controls an actuator.

Multiple nodes can be launched within a single process,
where the callbacks are managed and run by an executor. The
executor maintains a set, denoted as readySet, for ready
callbacks. The executor continuously polls the readySet for
an eligible callback to run. By default, the executor searches
the readySet in order of callback type [8], [27]. readySet
maintains the default priority order of the callbacks in the set.
Callbacks of the same type are ordered by registration order.

ROS 2 offers two default executors: 1) a single-threaded
executor and 2) a multithreaded executor. Fig. 2 shows the
callback selection flow of a multithreaded executor. The
multithreaded executor spins on multiple cores. ROS 2 offers
the concept of callback groups, such as mutually exclusive
callback groups, where an executor will only run one callback
from each mutually exclusive group at a time, and reentrant
callback group, where an executor is allowed to run multiple
instances of a callback at any given time. Mutually exclusive
callback groups affect how the readySet is managed. If
a callback from a mutually exclusive group is currently
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Fig. 2. Thread workflow inside the default ROS 2 executor.

running, callbacks in the same group are considered not
eligible, even if one of them is in the readySet.

There is a drawback to the default ROS 2 multithreaded
executor: the callbacks in the readySet are only refreshed
in two cases: 1) when the readySet is empty or 2) when
all callbacks in the readySet are not eligible. We show this
point in Fig. 2. In previous works, this refresh is known as a
polling point. To refresh the readySet, the default executor
clears all the lists and attempts to retrieve one message (or timer
release) for each callback. Since a polling point does not happen
every callback execution, there can be cases where response
times are increased [16]. Additionally, if the multithreaded
executor cannot find a callback to run due to mutually exclusive
callback groups, the executor clears the readySet and adds
only callbacks that can be run at that instant. Callbacks that
were removed from the readySet will only be added back
to the readySet at the next polling point.

III. SYSTEM MODEL

This section presents the formal analytical model for ROS 2
workload and default executor scheduler. We consider a set of
n processing chains.! T = {C1,Ca,...,C,} as the workload
of ROS 2. Each processing chain (in short, chain) consists
of a sequence of callbacks. Executors select and dispatch the
callbacks in threads to execute following scheduling policies.
Our focus in this article is limited to scheduling ROS 2
workloads inside a single “multithreaded” executor. Without
loss of generality, we consider integer time instances only
aligned with the granularity of the processor clock tick. All
the notations used in this article are listed in Table I.

Callbacks: Each callback belongs to a processing chain.
Let us denote the jth callback of ith processing chain as c; ;.
The worst-case execution time (WCET) of ¢;; is denoted
as ¢;j. Callbacks are scheduled to execute nonpreemptively.
The priority of a callback is determined by its semantic

1n ROS 2 workload graph, a callback can be shared by multiple chains.
However, due to decomposing the workload graph as independent processing
chains, each will contain an independent replica of a shared callback [8].

TABLE I
NOTATION SUMMARY

Symbol Description
n Number of processing chains
r Set of processing chains
Ci ith processing chain
|Csl Number of callbacks in C;
Cij 4t callback of chain C;
cfj jth callback of k" instance of chain C;
€i,j WCET of callback c; ;
E; WCET of chain C;
D; Relative deadline of chain C;
T; Period of chain C;
ck k" instance of chain C;
ak Arrival time of k" instance of chain C;
df Absolute deadline of k" instance of chain C;
G(ci,j) | Index of the callback group where c; ; belongs to
0; Union of G(c; ;) # 0 for all 5’s
& Executor
m Number of threads in a executor £
I it thread
R(CF) Response time of k' instance of chain C;
R; WCRT of chain C;
Q readyQueue
StA k Problem window of length ¢ for an instance of Cy,

priority and registration order. Each callback can potentially
release infinitely many instances where the timer callback
is periodically released, and regular callbacks are event-
triggered.

A ROS 2 callback system has a single reentrant callback
group and may have multiple mutually exclusive callback
groups. Each callback either belongs to the reentrant call-
back group or belongs to one of the mutually exclusive
callback groups. For notational simplicity, we index the call-
back groups by integers where index O denotes the reentrant
callback group, and each of the positive integers denotes a
mutually exclusive callback group. Then, we define G(c; ;) as
a function that takes a callback c; ; as an argument and returns
the index of the callback group the callback c¢;; belongs to.
Then, 6; = Ui<j<|c; Ag(ci_j#o{g(c,-,j)} is the set of indices of
all mutually exclusive callback groups to which a callback in
chain C; belongs.

Chains: A chain C; = {c;1,¢i2,...,¢ic)} is a sequence
of |C;| callbacks, where c; is the first callback and c; ¢
is the last callback of the chain. Depending on the type of
first callback, a chain can be classified as time-triggered (i.e.,
ci,1 is timer callback) or event-triggered (i.e., ¢; 1 is a regular
callback) chain. Except for the first callback, any c;; can only
become ready to execute once c; ;1 finished its execution
since each callback is released by the previous callback in
the chain publishing its results (i.e., intermediate callbacks in
the chain cannot be time-triggered callback). A chain C; is
characterized via tuple (E;, D;, T;), where

1) E = Zvj e; j is the WCET of the chain C;, which is the

sum of its callbacks” WCET.

2) T; is the minimum interarrival time (period) between

two chain instances. A time-triggered chain C; will be
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periodically released every T; time instants. A chain can
potentially release infinite instances, and kth instance of
chain C; is denoted as Cl(‘ .
3) D; is the relative deadline of the chain and D; < T;.
The response time of Cll‘, R(Cf‘), is the time difference
between the release instant of its first callback cﬁl and the
completion time instant of the last callback cﬁ il The worst-
case response time (WCRT) is the maximum response among
all possible release instances of the chain, R; = maxyy R(Cg‘).
A chain is considered schedulable if all its instances meet
the deadline, ie., R; < D;. A ROS 2 workload I" will be
schedulable if all chains are schedulable, i.e., Vi, R; < D;.
Executor: We consider a multithreaded executor £ consist-
ing of m working threads £ = {m, 72, ..., 7y }. Aligning with
previous works in multithreaded executor for ROS 2 [16], [24],
we consider the one-to-one assignment of each thread m; to
a processor core for maximizing the concurrent executions
of callbacks. We assume processing cores are homogeneous.
We further assume a dedicated resource supply to each thread
from the corresponding processing core and, without loss of
generality, all processing cores as unit-speed cores. Therefore,
the total resource supply for m threads is m.
Default Scheduling Model for Executor: Any callback c¢; j in
a chain C; can only be ready once c; ;| completes in execu-
tion. The default ROS 2 executor maintains a readySet to
record ready callback instances that can be selected for execu-
tion. However, a ready callback instance cannot directly enter
the readySet. Instead, it can only enter the readySet
once the readySet becomes empty or any thread in the
executor is idle. A callback instance is ready but waiting
to enter the readySet is denoted as “pending.”” The set
of pending callbacks is known as wait_set. The readySet
update instances are known as polling points, and the duration
between the two consecutive polling points is known as

284 polling window. Once a callback instance is selected from the

285

286

287

288

289

290

29

292

readySet, it begins executing nonpreemptively.

A pending callback instance can also be in the state of
“not eligible” to be in the readySet depending on the
membership of a mutually exclusive callback group. For
instance, only one callback from each mutually exclusive
group can enter the readySet at a time. A callback of a
mutually exclusive group can receive two types of blocking
from other members of the group. First, if a callback is

203 pending but cannot enter to readySet due to the presence
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300
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302

of another callback from the same mutual exclusive callback
group, then the blocking is denoted as “pending and blocked”
(i.e., P-blocked). Second, if a callback is currently in the
readySet but cannot be selected if another callback from the
same mutual exclusive group is executing in any thread. This
blocking is denoted as “ready and blocked” (i.e., R-blocked).

IV. DYNAMIC-PRIORITY-BASED EXECUTOR

This section presents the design and scheduling model of a
dynamic-priority-based ROS 2 executor.

a3 A. Design of Dynamic-Priority-Based Executor

304

305

We extend the default multithreaded executor by replac-
ing the readySet with a readyQueue, where the

readyQueue is implemented as a PriorityQueue. Each
callback instance is wrapped in a struct that contains the
scheduling parameters of the callback, as well as its type.
The readyQueue stores these structs and sorts them using
a custom comparator. The comparator sorts the callback
instances in order of their absolute deadline,’ placing earlier
deadlines first. Callbacks without explicitly defined scheduling
parameters® are placed last. Similar to ROS 2’s default
executor, ties are broken by the registration order. However,
unlike the default ROS 2 scheduler, our comparator does
not consider the callback type; i.e., all callback types are
considered equally. The executor also respects the overload
handler in timers, which is a default ROS 2 feature that detects
if a timer callback is blocked for more than one period, and
moves the next release forward by one period. This prevents
two successive timer callback executions, allowing in-progress
chains to complete in an overloaded system. If this happens,
the executor adjusts the chain’s deadline to reflect the new
timer release. The readyQueue is defined as follows:

Definition 1: (readyQueue 2) is maintained in the
executor to record the ready callbacks similar to readySet
in default ROS 2. However, readyQueue is always updated
before any executor thread selects a callback to run. The
priority of the callbacks in readyQueue is set based on
the deadline of each callback, where a callback with an
earlier deadline has a higher priority than the one with a later
deadline.

To account for the fact that the first callback on the
readyQueue may not be executable (due to mutually exclu-
sive callback groups), we use a custom queue implementation
that allows iterating through its elements.

We now discuss three key components and principles related
to the design of a dynamic-priority-driven executor.

1) Callback Selection: Algorithm 1 presents the details
related to the callback selection policies from readyQueue.
At the very beginning, the executor starts some worker threads,
where the number of threads is specified by the user. Each
worker thread is pinned to a CPU core. Each worker thread
polls for callbacks similarly to that of the single-threaded
executor. A mutex lock protects the readyQueue so that
only one worker thread can update it at a time. When a
thread becomes idle, it attempts to take the lock, update the
readyQueue, and select a callback. If another thread is hold-
ing the lock, the thread is blocked until the lock is available.
To select a callback, it selects the highest-priority callback
that is currently eligible to execute. The executor removes the
selected callback from the readyQueue, releases the lock,
and begins to execute the selected callback nonpreemptively
(ref. line 21). Once the lock is released, other worker threads
can access the readyQueue. Callbacks that are not selected
for execution immediately are kept in the readyQueue and
can be run later. To prevent race conditions caused by callback
groups running in other threads, if a callback is running as

2The comparator can be replaced by the user to use different comparison
metrics, such as fixed callback-level priorities or mixed scheduling policies,
where some callbacks have dynamic priorities and some have fixed priorities.

3This may include automatically created callbacks by ROS 2, such as the
one for the parameter system.
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Algorithm 1: Callback Selection From readyQueue

Algorithm 2: Updating the readyQueue

Data: readyQueue, mutex

1 if lock(mutex) = success then

refresh(readyQueue);

skippedGroups <« [];

foundExecutable < false;

iter < readyQueue.iter();

while liter.empty() && !foundExecutable do

executable < next(iter);

if executable.group in skippedGroups then

| continue;

end

if !executable.group.can_be_run() then
/I can_be_run() is false if the group is mutually
exclusive, and another callback instance is running.
It is always true for reentrant groups
skippedGroups.append(executable.group);
continue;

end

readyQueue.remove(executable);

foundExecutable <« true;

break;

E-E-CEE B Y N L )

— e
N o=

13
14
15
16
17
18
19
20
21
22
23

end

unlock(mutex);

if foundExecutable then
| executable.run();

end

end

part of a group at any point during the callback selection
process, the group will always be skipped (ref. line 8), even
if the offending callback stops execution during the selection
process.

2) Readyqueue Updating: To update the readyQueue,
the executor checks all callbacks in the system for newly
released instances and adds them to the readyQueue. The
executor also updates the positions of callbacks that are
already in the readyQueue, if any new callback instance
is added to the queue. To maintain the assumptions and
restrictions of ROS 2’s DDS interface,* the readyQueue is
restricted to hold one and only one instance of each callback
at a time. This does not affect the execution order — all
instances of the same callback have the same scheduling
parameters. Once an executor removes a callback instance
from the readyQueue, another instance of the callback will
re-enter the queue the next time an executor updates the queue
(if another callback instance exists). Algorithm 2 presents the
pseudo-code related to the readyQueue updating.

Depending on the DDS configuration, published messages
may not immediately appear in the ready queue, even though
they are refreshed during callback selection. By default, ROS 2
DDS runs in asynchronous mode, where message transport
happens in a separate thread. If a message is published
at the end of a callback, the DDS thread running in the
background may not complete before the executor threads
poll the readyQueue. To ensure that recent publications
always appear on the readyQueue, the DDS must be set

4Due to API design, the DDS interface only exposes whether it has at least
one message available per topic.

Data: readyQueue, callbacks

1 for callback <« callbacks do

2 if not callback.ready then

3 | continue;

4 end

5 if callback instance in readyQueue then
6 | update position;

7 else

3 \ add the callback instance to the queue;
9 end

end

TABLE 11
THREAD INTERLEAVE: A RACE CONDITION RESULTED IN PRIORITY
INVERSION (FOR EASE OF PRESENTATION IN THE TABLE, WE USE
{c1, 2, c3} AS MUTUALLY EXCLUSIVE CALLBACKS WITHOUT
MATCHING NOTION FOR CALLBACK DEFINED EARLIER)

Threads readyQueue
m mo | (15% ¢; is the head of queue)
- - [c1,c2,c3]
(Mer | - [c2, c3]
c1 - [c2, c3]
c1 - [c2, c3]
al) | - [c2, c3]
- c3 [c2] (priority inversion!)

to synchronous mode, which causes calls to publish to block
until the message is ready to be processed.

3) Preventing Priority Inversion From Race Conditions:
During callback selection, additional steps are required to
avoid priority inversion (where a lower-priority task is incor-
rectly selected over a higher-priority task). We illustrate how
race conditions can occur and how to prevent priority inversion
via a toy example. Let us consider a thread-interleaving
diagram for the race condition presented in Table II, where the
status of the search of readyQueue is indicated by putting
the callback in bold. Suppose on a two-thread (71, 72) system,
there are three callbacks (c1, c2, ¢3) sharing the same resource
and thus belong to the same mutually exclusive group; c
is executing on the thread m, and the other two are in the
readyQueue. The thread mp searches the readyQueue
for a callback to run. It reaches the first callback (c2)
in the readyQueue, but skips it due to its membership
in a currently executing callback group. During the time
instant between checking ¢, and c3, the thread 7 finishes its
callback and sets the callback group to eligible. The thread
7> then checks the callback c¢3 in the readyQueue, finds
it eligible, and selects it for execution, even though c; (who
has higher priority) in the readyQueue is now also eligible,
preventing the ¢ on the readyQueue from running. To
prevent this racing scenario during callback selection from
the readyQueue, as a design principle, the executor should
skip any callbacks that are part of a callback group that was
running at any point during the readyQueue search. Once
the executor encounters a blocked callback group, it adds it to
a set and skips any callbacks that are part of a group in the set,
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even if those callbacks are eligible later in the search. This is
done using the skippedGroups set in Algorithm 1. From
this point, the executor can either (1) pick a ready callback that
is not part of the callback group, or, (2) if none exists, restart
the readyQueue selection process, and pick the highest-
priority task from that callback group. Note that choosing the
first option does not cause priority inversion by selecting a
lower-priority task—remember that the thread w1 will also be
in task selection, and will not skip the callback group.

Remark 1: The callback eligibility defined in our
proposed method differs from the one defined for the
default multithreaded executor in [16]. In our proposed
readyQueue, blocking for a callback due to a mutually
exclusive group membership is checked only once before
dispatching to a thread. Once a callback becomes pending, it
will always enter the readyQueue in the following update
instant. However, in the default readySet-based scheduling
scheme, there are two ways of blocking a callback from a
mutually exclusive callback group. A callback can receive
blocking before entering the readySet (i.e., P-blocked) as
well as after entering the readySet (i.e., R-blocked).

Remark 2: Once a callback enters the readyQueue, it
will remain in the queue until being dispatched to a thread,
which implies that the readyQueue is built only once. Then,
in updating instances, the readyQueue needs to update the
priority of newly entrant callbacks. However, in the case of
readySet, it needs to be empty before updating with new
callback instances by either dispatching all exiting callbacks
to threads or returning them to the wait_set again. Therefore,
the maintenance cost of readyQueue (e.g., O(logn)) is
significantly less than the readySet (e.g., O(nlogn)); where
n is the number of callbacks.

B. Dynamic Scheduling Model for Executor

Our proposed executor maintains a readyQueue 2 during
runtime to record the dynamic priority of all eligible callbacks.
The dynamic priority of a callback c;; is determined using
the absolute deadline of chain C;, i.e., all callbacks within a
chain share the same deadline For instance, if the arrival time
of chain instance C¥ is a , then the absolute deadline of the
chain instance is d}{ = a + D;. Now, any callback ck (for
1 <j <|C;]) will have an absolute deadline of df‘. A callback
with an earlier deadline has a higher priority than the one
with a later deadline. In other words, the callback scheduling
decisions are determined following the EDF algorithm.

An executor thread is either “busy” if a callback instance is
executing on it, or “idle” if no callback instance is executing on
the thread. A dispatch point occurs whenever a thread becomes
idle. At the dispatch point, the 2 is updated with all pending
callbacks. Among the callbacks in €2, callbacks are checked one
by one, following the priority order (i.e., the highest-priority
one is selected first). The idle thread selects the highest-priority
callback that is eligible to run. A callback runs nonpreemptively
as soon as it is selected. A thread sleeps if it fails to find
a callback, while it can be waked by the release of the next
callback, which leads to a repetition of the process.

To update €2, the executor checks all callback types in the
system for eligible callbacks. Any new releases will be placed
in Q according to the priority provided by the scheduling
parameters. Callbacks in the €2 persist between updates so that
the queue does not need to be entirely rebuilt during updates.

Note that not all callbacks in 2 are eligible to run.
Depending on the membership of callback groups, a callback
instance ¢;; in  is either “eligible” or ready and blocked
(R-blocked).

1) If the callback c;; is a member of the reentrant callback

group, as soon as ¢;; enters €2, it is eligible to run.
If the callback c;; is a member of a mutually exclusive
callback group, there can be two cases. Case A: If
there are no other callbacks (including an instance of
cij itself) from the same mutually exclusive group in
Q or currently executing in a thread, then the callback
becomes eligible as soon as it enters 2. Case B:
Otherwise, the callback c;; is R-blocked and skipped
during task selection.

2)

V. RESPONSE TIME ANALYSIS
A. RTA Without Callback Groups

To avoid deriving the RTA for ROS 2 workloads with-
out callback groups from the first principles, we will
directly utilize the existing state-of-the-art (SOTA) analysis
for GEDF [31] with fixed preemption points in homogeneous
multiprocessors. Notably, such usage of existing results was
the motivation for our novel executor design of ROS 2.
First, we will state the scheduling model, denoted as FPP-
GEDF, for a workload with fixed preemption points for each
task scheduled on homogeneous multiprocessors following the
GEDF algorithm. Then, we will prove the equivalence of our
proposed ROS 2 scheduling model and FPP-GEDF. We then
state the SOTA RTA presented by Zhou et al. [31] for FPP-
GEDF. Then, we will expand the RTA for ROS 2 workloads
with callback groups, which is the focus of this article.

FPP-GEDF Scheduling Model: A set of n tasks T
{t1,..., w} with constrained deadlines, where each task
has a fixed number preemption point, are scheduled on m
homogeneous processors following the GEDF algorithm. If
ith task t; has k preemption point, then there are k + 1
nonpreemptive regions in t; which higher-priority tasks cannot
preempt once they start executing. In addition, priority is
dynamically assigned to each instance of a task, not to each
nonpreemption region of a task instance.

Proposition 1: FPP-GEDF scheduling model and the
proposed ROS 2 scheduling model without considering the
callback groups are equivalent.

Proof: We will establish a bijection by mapping the FPP-
GEDF scheduling model to the ROS 2 scheduling model and
vice versa to prove the equivalence of the scheduling models.

FPP-GEDF to ROS 2: Each task 7; can be mapped as a
ROS 2 chain C;, where each nonpreemptive region of 7; would
work as a callback in C;. Therefore, if a task 7; in FPP-
GEDF has k preemption points, then corresponding chain C;
in ROS 2 has k+ 1 callbacks. Now, m homogenous processors
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can be mapped to m threads in a ROS 2 executor as each thread
is assigned to an individual core. Therefore, the scheduling
problem of the workload 7 in m processors following global-
EDF can directly reduce to the scheduling problem of a set
processing chains I' on m threads using GEDF in ROS 2.

ROS 2 to FPP-GEDF: Using a similar argument, we can
show that the scheduling problem of a set of processing chains
I" on m threads using GEDF directly reduces to the problem
of a task set 7 on m processors using GEDF.

Hence, the scheduling model of FPP-GEDF and ROS 2
processing chains without callback groups are equivalent. M

We will leverage SOTA RTA for FPP-GEDF proposed by
Zhou et al. [31] for RTA of ROS 2 processing chain without
callback groups. First, we report the supporting results in
Lemmas 1-3 to use the RTA from [31]. )

Let us consider the j instance of chain Cy, Ck, as the
chain instance under consideration for RTA. As soon as CJ
is released at aﬁ{ the first callback c;cl is also released and

becomes eligible. The subsequent callbacks of CJ will become
ready once the preceding callbacks complete their execution.
Let us define the problem window for C‘,’C for RTA as follows:

Problem Window: Given a chain instance Cf(, denote ¢’ as the
start time of the last callback with priority lower than cg; (for
1 <[ < |Ck]) that starts its execution before aﬁc, and denote
" as the earliest time instant satisfying that all pr(_)cessors are
busy in [/, a¥). Then, a problem window of Ck is [f0, 1),
where o = max{¢, ¢’} and | € [a’ +Er—eric + 1 d’]

Let us denote the problem window for C] as SA k. where
t=1 —ty and Ay = ak to. We denote a chain as carry-in
if it releases an instance before 7y and has a deadline after 7;
others are noncarry-in chains.

Next, we will bound the work done by the carry-in and
noncarry-in chains in the problem window of S;*

Lemma 1 [31]: Given a chain instance Cf( with a problem
window S‘,A k, the interference on Cfc by any chain C; as
noncarry-in chain and i # k in SA k" is upper bounded by
INC(t Ay), satisfying following equation:

E; + min{t mod T}, E;}
ifoa <L

INC(t A = % E; + min{y, t — B}
if o > Land B < Ay

E; + min{A, r — B}
~ ifa>Land B> A
where L = Ay +Dk, o = L@/TH]Ti + Di, p = |(/T)]Ti,
min{IC;LICel} . min{|C|, |Ck]} + 1, and A =

mln{\C\ |Clk| n, m1n{|C,-|, |Ck| — 1.

=1 )
Lemma 2 [31]: Given a chain instance Cf( with a problem

(1)

€l

window S‘,A k. the interference on Ci by any chain C; as a
carry-in chain and i # k in S’? ¥ upper bounded by IC’ (t, Ap),
satisfying following equation:

A + B, ife>0and 8 <L

cI ) max{C,D}, ifea>0and 8 >1L
LAY =\ hin(t B}, ifa<Oandy <L @

max{E,F}, ifa <Oand y >L

here L=Ay+Dy; a =t—E; — T; + R;;
,3 E;+T;—Ri+ [(«/T))|Ti +Di; y =E;+D;—R;;
= (la/T;] + 1) - E;; B = min{a mod T}, E;};

<c = A + min{P G g minflcil, el +

1, mod T;};
= |[(L — Dy)/T;|E; + min{T; — L + ¢, E;} + max{(L —
D;) mod T; — T; + R;, 0};

E = max{min{L — D; +R,,t} 0}; and

F = min {me{lc‘l - W e/ — min{|Cil, |Ck| — 1}, 1}.

So, by Lemmas 1 and 2, we get the noncarry-in and carry-
in interference from any chain C; (i # k) on Cfc in SA k
Now, the following lemma will bound noncarry-in and carry-in
interferences from the instances of Cy. '

Lemma 3 [31]: Given a chain instance Cf( with a problem
window S’;‘ ¥, the noncarry-in interference and carry-in
interference on Cf{ by Cx upper bounded by INC(t Ay) and
I,Sf((t, Ay), respectively

TYC (8, Ar) = ICi(t, Ar)

= max{min{Ak — T + Ry, ek i) O}. 3)

Lemma 4 [31]: Given a ROS 2 workload I" scheduled on
m-threads in an executor using deadline-based readyQueue
and a chain instance Cj with a problem window S‘;\ k. the
noncarry-in and carry-in interference on C’ by any chain C;
in SA" are upper bounded by FINC(I Ag) and FI (t Ap),
respectively

“)
)

Now, we can calculate the total inference from all carry-
in and noncarry-in chains on Cf( in SA k. Let FI d'ﬁ(t Ay =
max(FIS( (1, Ax) — FINC (t, Ar), 0) and F(t, Ay, x) as the sum
of the ﬁrst x items of nonincreasing order of Flg'ﬁ (t, Ay) for all
Ci. Then following are two upper bound of the interferences,
Wi (1) and Wy(t), on C; by all chains in I':

INC(I Ap) = mm[INC(t Ap),t—Ei + e, \Ck|]

FIL (1, Ay) = min[If,f (t. ARt — Ex + gy ]

Wity = Y FINC(t AW + F(t, Am — 1)
VCiel'

Wr(t) =m-Ar +
Zmax {FIGL(t — Ay, 0), FINC (t — A, 0}, (7)
i#k

Now, the response time of chain Cy can be determined using
the following theorem:

Theorem 1 [31]: Given a ROS 2 workload I' to be
scheduled on a m-threaded executor following EDF (without
considering the callback groups among callbacks), the last
callback of any chain instance C’ with a problem window SA k

(6)

must be executed before a’ + ¢, where ¢ is the minimum

solution of:

min{W¥ (x + Ag), V2 (x +Ak)}J <
— <

E, — e, |cp + 1+ L
+ Ag.
Then, the WCRT of Cy, is

®)

R, =1+ eric — L. )
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B. RTA With Callback Groups

Due to the presence of callback groups and the prevention
of concurrent execution of callbacks from a mutually exclu-
sive group, an additional blocking (for a mutually exclusive
callback group) must be considered in the RTA.

Let us first derive the maximum blocking received by a
callback solely for the membership in a mutually exclusive
callback group,

Lemma 5: A callback c;; € C; of a mutually exclusive
callback group with index G(cy ;) # O can receive a maximum
blocking of maxvgc, =G {eir}, where callback ¢;; from
any chain C; € I \ Cy.

Proof: Following the readyQueue design, a callback only
experiences the blocking from other members of a mutually
exclusive callback group by the “R-blocked” state. As an R-
blocked callback can be selected to execute as soon as the
currently executing callback (that is also a member of the same
mutually exclusive callback group), the maximum blocking
due to the member of a mutually exclusive callback is equal
to the maximum execution time of a callback in that group.
Note that if there exist callbacks in a mutually exclusive
group with publisher-subscriber relation (i.e., from the same
callback chain), then the additional blocking due to precedence
constraint for those callbacks is not required to take in the
account as these callbacks cannot be ready at the same time.
However, Theorem 1 already includes blocking for precedence
constraints. Therefore, the maximum blocking of a ¢; j callback
from a mutually exclusive group callback is by the one that is
not in the same callback chain C;. [ |

Let I,f be the total blocking received by the callbacks of
chain instance Cf(. Using Lemma 5

2

1<j<|CkIAG (cx.j) €0k

I]z( = max (10)

{eir}
vG (ci)=G (k)
where callback ¢;; can be from any chain C;.

Finally, we state the following theorem for ROS 2 process-
ing chains scheduling on a m-threaded executor with mutually
exclusive callback groups.

Theorem 2: Given a ROS 2 workload I" to be scheduled
on a m-threaded executor following EDF, the last callback of
any chain instance C‘,’( with a problem window S’? ¥ must be
executed before aﬁ{ + ¢, where ¢ is the minimum solution of:

E, — er|c + 1 +I]§
. \\min{\lll(x+Ak), Wyo(x + Ap)}

J <x+A; (11
m

Then, the WCRT of Cy is given by

Ri=1+ er e — L. (12)

Proof: The proof of the theorem follows a similar approach
for Theorem 1 except for the inclusion of blocking due to
the mutually exclusive callback groups. Note that the effective
blocking received by chain C; for m-threads is m - I,f, as
in the worst case, even if m — 1 threads are idled, and one
thread is executing one callback from the group, others cannot

T=25ms; —_— - = = =
C=12ms C=6ms | C=08ms C=8ms |
DCera:inng [Iidar_node}—)[ obstacle_detection M get_candidates )—)[pathﬁnding} |
\_— — — _— _— _C _
C=2ms JC=05ms Cc=2ms
steering_driver convert_controls throttle_driver
T=35ms;
C=5ms C=5ms C=5ms
Dummy [ - J
Chain dummy_timer dummy_task dummy_task
Fig. 3. Layout of the workloads used in the experiment with Fl1Tenth car.

Each box is a callback. In the driving chain, each callback is in its own
node, except get_candidates and pathfinding, which share a node.
convert_controls splits the control output from pathfinding into
two messages, a steering and acceleration message, which is sent to the appro-
priate hardware driver nodes. The chain is considered complete once both
steering_driver and throttle_driver have completed. Besides the
driving chain, we used two dummy chains with similar configurations.

execute. So total blocking added in the L.H.S. of (12) is
m- I,f /m = I,f . |

It is obvious that for a schedulability check of the workload
I', one must verify the WCRT of each processing chain is
on greater than the deadline. i.e., a ROS 2 workload T" is
schedulable on an m-threaded executor following EDF if the
following inequality holds for any chain C;: R; < Dj; Vi, where
R; is given by (12).

VI. EVALUATION
A. On-Board Case Studies

We run our case studies on an Nvidia Jetson Xavier AGX
in MAXN mode, where the main frequency of all CPU
cores is fixed at 2.2 GHz. Executor threads are set to run
using the SCHED_FIFO class at the highest priority (99). For
multithreaded executors, each thread is pinned to a unique
CPU core. Other implementation details can be found in
Section IV. The workloads are controlled to run no longer
than their specified WCETs.

1) Case Study 1: To show a real-world use case, we use
ROS 2 executor to schedule tasks that drive an Fl1Tenth car.

Experimental Setup: We use our modified ROS 2 executor
implementation to schedule a taskset that drives the F1Tenth
car around a track. Nodes in the system poll a LIDAR sensor,
process the incoming LIDAR data, make driving decisions,
and pass actions to motor controllers. Together, the callbacks
in these nodes form a chain, which we refer to as the driving
chain, as shown in Fig. 3. Each callback is in its own mutually
exclusive callback group. The driving chain and dummy chains
represent most of the load on the system, but some auxiliary
tasks exist as well, which produce odometry output and
other system statistics. These auxiliary tasks have a collective
utilization of 0.07. The auxiliary tasks are configured as fixed
priority tasks, where deadline tasks always take precedence.

We ran this test with two dummy chains to increase the
utilization of the system. Each chain uses implicit deadlines,
so the driving chain has a deadline of 25 ms, and the dummy
chains have a deadline of 35 ms. Running the system with the
modified executor decreases the average and maximum latency
of the main driving chain, and improves the latency of the
dummy chains in an overload scenario.
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Driving Dummy 1 Dummy 2
300+ ¥ 1
Executor | |
I Default 8660
m B Ours
E 2001 Fixed Priority [25]
>
O
3
+5 1001 ] 1
-
0 i 4 4
1 2 1 2 1 2
# cores # cores # cores
Fig. 4. Average and maximum latencies for each chain in the case study

system. We tested the default executor and our executor with 1 and 2 threads.
The driving chain performed better under our executor compared to the
default, especially in single-core mode, where the system is overloaded. In the
overloaded single thread case under the fixed priority executor, the maximum
latency of the second dummy chain was 8660 ms, due to the second dummy
chain having the lowest priority in the system.

Observations: Using the modified executor, we observed
improved response time of the driving chain in both the one
and two-core tests and all three chains in the single-core tests
(Fig. 4). In the two-core test, the driving chain had a maximum
latency of 46.16 ms on the default executor and 19.23 ms
on our executor. With fixed priorities, the driving chain had a
worst-case latency of 17.25 ms.

In the single-core case, where the system is overloaded,
the driving chain had a maximum latency of 208.19 ms on
the default executor and 66.48 ms on ours. When running
under the fixed-priority executor, the second dummy chain was
frequently blocked by the driving chain and first dummy chain,
and had a maximum response time of 8.66 s.

We also ran a single core test with just the driving chain
and the auxiliary system tasks. In this case, the driving chain
had a maximum latency of 21.43 ms on the default executor,
and 20.00 ms on ours. This improvement comes from the fact
that our executor will not preempt the driving chain to service
callbacks from auxiliary tasks.

2) Case Study 2: We use the same workload defined
in [16], which inspired our earlier discussion on callback
group concurrency bugs. The workload is presented again in
Table III. All chains are placed in a single mutually exclusive
callback group, ensuring that only one callback, and therefore
one thread, can execute at any time.

Experimental Setup: We ran two tests: one with the
ROS 2 multithreaded executor (using two threads) and another
with the single-threaded executor (using one thread), both
modified with our task selection process. The Fixed-Priority
and EDF schedulers always refresh the readyQueue before
selecting a callback to run and, therefore, behave the same
within both the single-threaded and multithreaded executors,
meeting deadlines in both situations.

Observations: The results are shown in Fig. 5. The default
scheduler behaves differently due to the fact that the default
multithreaded executor will clear the readySet if none of
the callbacks are eligible to run due to membership in callback
groups.

TABLE III
CASE STUDY 2

C; | T; = D; Ci,j Callback Group | WCET | Priority
i 100 11 Ml 50 1
Co 150 c2,1 Ml 60 2
C3 900 €3,1 Mi1 50 3

s ROS2-Default
=== ROS2-FP
=== ROS2-EDF

s ROS2-Default
=== ROS2-FP
=== ROS2-EDF

2 2
Chain ID Chain ID

Fig. 5. Demonstration of a weakness of ros’s default multithreaded executor.
The callback group assignments only allow one thread to perform work at any
given time. The same workload performs worse in the default multithreaded
executor than in the default single-threaded executor (although intuitively
and theoretically, they should perform the same, as all callbacks are in the
same group). The fixed priority and deadline-based schedulers, which refresh
the ready queue before every callback execution, behave similarly in single-
threaded and multithreaded mode.

To understand how this affects execution, assume all three
callbacks have been released. The default multithreaded execu-
tor runs cq,; on Thread 1. During this time, Thread 2 attempts
to find an eligible callback to run, but cannot as ¢ 1 and ¢3 1
are both in the same mutually exclusive callback group as cy ;.
Thread 2 clears the readySet, and since no callbacks are
eligible to run, the readySet remains empty. This continues
until ¢1,; completes, making c2 1 and c3,; eligible to run. Since
the readySet is now empty, a thread (whichever takes the
mutex lock first) refreshes the readySet and places ¢ 1 and
c3,1 back. This cycle repeats with c> 1 instead of ¢ 1. During
2.1’ execution, ¢, is released again. Since the idle thread
clears the readySet, the readySet gets rebuilt with one
of ¢1,1 and ¢p,; taking priority over c3 1.

In the single-threaded executor, ineligible callbacks are not
removed from the readySet, and there is no second thread
to refresh the readySet, so after c¢1,; and ¢, starts to run,
c3,1 is the only item in the readySet, even though ¢, may
have been released again during ¢ 1. Only after c3 1 runs, does
the executor refresh the readySet.

The Fixed Priority and Deadline-based executors avoid
this problem by 1) storing ready callbacks in a queue, and
2) keeping callbacks in the queue, even if they are not imme-
diately runnable due to membership in a mutually exclusive
callback group. In this case, like the default multithreaded
executors, only one thread can be running a callback at
any given time, but the idle thread does not manipulate the
readyQueue, except for when the timers release, where it
simply adds the released callback to the queue. When the
working thread finishes executing the callback, either thread
(whichever takes the lock first) will perform another check
for newly released callbacks, and select the callback with the
highest priority or earliest absolute deadline. By not clearing
the readyQueue/readySet, our modified executor behaves
more consistently than the default executors when running in
single-threaded and multithreaded modes, preventing deadline
misses, which can occur when using the default executor.
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TABLE IV
ASYMPTOTIC OVERHEAD FOR QUEUE/SET REFRESH AND CALLBACK
SELECTION FOR DIFFERENT EXECUTORS

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS

Executor Refresh Select Best Case | Select Worst Case
Default O(n) O(1) O(n)
Fixed Priority [25] | O(n) O(n) O(n)
Ours O(nlogn) | O(1) O(n)

B. Overhead Analysis

Table IV reports the asymptotic overhead of executor’s
queue/set refresh, and callback selection for ours, default
ROS 2, and existing fixed-priority [24] executors.

To empirically measure the overhead of our modified execu-
tor, we compare it to existing works by Sobhani et al. [24]
(denoted as “Fixed Priority”) and RTeX [19], and default
ROS 2 executor. We measure the end-to-end latency of a
system with a timer callback publishing to multiple subscriber
callbacks. To accurately represent the effects of the different
executors, we use the publicly available implementations
of [19] and [24].

The Fixed Priority executor selects callbacks by searching
the readySet for the highest-priority eligible callback. The
RTeX executor removes the locks held during the queue
refresh step, and replaces the readySet with a concurrent
linked-list. The RTeX executor is unique in that immediately
after a callback is run, the executor adds the subsequent
callback in the chain to the queue directly, avoiding the need
to refresh the queue and poll the DDS layer. This significantly
decreases the overhead of the RTeX executor, but at the
expense of DDS compatibility. To support receiving messages
from other processes or over the network, users of the RTeX
executor need to use an additional thread to listen for incoming
messages and add them to the queue. For a fair comparison
with RTeX, we also test a variant of our executor (EDF-NO-
DDS), which updates the queue similarly to RTeX, where
published messages are placed directly into the readyQueue,
removing the need for queue refreshes.

Workloads: We take the test parameters from [19]. Each
callback has an execution time of 0 ms, and the end-to-end
latency is the time between timer releases and the completion of
the last subscriber callback. Our test uses two threads. Because
the callbacks themselves do not perform any work and only
publish to the next callback in the chain, the end-to-end latency
reflects the time taken to receive, sort, and select the callbacks.

Observations: We show the results of this test in Fig. 6.
Since no callback groups exist, the default executor and
our executor always exhibit the best-case callback selection
performance. Due to the extra overhead in queue refreshes,
and a refresh is always performed before each callback
selection, our executor’s response time increases quickly as
more callbacks are added to the system. The NO-DDS version
of our executor is competitive with the default executor and
RTeX.

The additional work required during the queue refreshes
means that our modified executor has a larger overhead,
especially as the number of callbacks in the system increases,
but the case study demonstrates that using the readyQueue

4
Executor
[ ROS2-Default
3| mEE ROS2FP [25] 2
/é‘\ I ROS2-EDF (Ours) o .
‘,22 B ROS2-EDF-NO-DDS (Ours) . i
27| mmm RTeX [20] ° 0 .

—_
oo
o o
o
Ian
o
o
o

Number of Subscribers

Fig. 6. End-to-end latency of multiple subscribers on a single topic. Each
subscriber has an execution time of 0 ms, so the effects of executor are evident
in the end-to-end times.

and dynamic priorities allows the executor to make decisions
that reduce the overall system latency.

Compatibility of Executor With Default ROS 2 Architecture:
Our modified executor is implemented as a ROS 2 package,
and does not outright replace the default ROS 2 multithreaded
executor. Instead, it uses subclasses of existing data structures,
so it does not interfere with packages that rely on the default
ROS 2 data structures and classes. The package can be placed
in any ROS 2 workspace and called from user code when
required. It does not change any of the existing data structures
in rclcpp or rmw, and does not require any modification
of the DDS layer, allowing the use of both open-source and
proprietary DDS systems.

Not all callbacks need to have explicitly declared deadlines,
but callbacks without deadlines are always given a lower
priority than callbacks with deadlines.

C. Schedulability Evaluation via Synthetic Workload

Experimental Setup: We use the workload parameters
from [16]. Workloads are randomly generated from parame-
ters: m: the number of threads the workload will be run on,
n: the maximum number of chains in the workload, b: the
maximum number of callbacks in any chain, Upom: the uti-
lization of the workload, g: the maximum number of mutually
exclusive callback groups, and «: the ratio of callbacks that
will be members of a mutually exclusive callback group. The
total utilization of the workload is m - Uyorm. The utilization of
each chain is found with UUnifast-discard. Chain utilizations
above 1 are set to 1. For each chain, generate the utilization
of each callback with UUnifast-discard. Each chain’s period
is randomly selected from [50,200]. The chain’s period is
also its deadline. Each callback’s WCET is the chain’s period
multiplied by the callback’s utilization. Callback WCETs are
rounded to the nearest integer. Chains not in a mutually
exclusive callback group are assigned to their own reentrant
callback group. The number of groups in the workload is
randomly chosen from [0, g], and the number of callbacks in
any group is |C|-«a. We randomly select |C| -« callbacks, and
distribute them to the callback groups.

We compare our schedulability test with the test given
in [16] and [24]. The workload parameters are m =4, n = 8§,
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Fig. 7. Schedulability ratio (percentage of schedulable tasksets) comparisons by varying one parameter at a time. (a) Unorm- (b) n. (¢) b. (d) g. (e) «. (f) m.

b =135, Uporm = 0.3, g = 2, and o = 0.2. We ran 2000 task
sets per data point.

Observations: Fig. 7 shows how varying each parameter
affects the percentage of schedulable tasksets for the deadline-
based, static priority, and default ROS 2 executors. For
most situations, the deadline-based analysis schedules more
workloads than the default ROS 2 executor by a significant
margin. Varying Uporm [Fig. 7(a)] results in expected behavior—
workloads with higher utilization are less likely to be
schedulable. Increasing n [Fig. 7(b)], the maximum number
of callbacks in a workload, caused a slight decrease in
schedulability for each executor. The default executor was
largely invariant to changes in b [Fig. 7(c)], the maximum
number of callbacks in any chain. This is likely due to the fact
that the default ROS 2 executor tries to make progress along
all running chains. In contrast, the priority-based executors
will run a higher-priority chain to completion at the cost of
blocking others. The results in Fig. 7(d) are best understood
when remembering that the ratio of callbacks that are within
some group compared to those not in any group is constant
(¢ = 0.2). The exception is that when g is 0, there are no
mutually exclusive callback groups, and no callback group
blocking can occur. When g is 1, 20% of the callbacks are in one
mutually exclusive group, so the chances of callbacks blocking
each other are high. As the number of mutually exclusive groups
increases, there is a smaller chance that any two callbacks will
block each other. Cases where more than 60% of callbacks are
in a mutually exclusive group are an exception—the analysis
of the default ROS 2 multithreaded executor by [16] handles
these cases especially well, as shown in Fig. 7(e).

VII. RELATED WORKS

Earlier works related to the ROS mostly focused on improv-
ing the real-time performance [20], [21], [30]. Satio et al. [20]
developed a priority-based message transmission algorithm for
publishers to send data to multiple subscribers; [14] performed
an empirical study and measured WCRT between nodes for
ROS 2; [30] proposed RT-ROS to run two OS—one for
nonreal-time tasks and another for real-time tasks.

Several works have been done analyzing and improving
the performance of ROS 2’s executor system following the
pioneering work of Casini et al. [8]. Casini et al. [8] first
formally modeled the ROS 2 executor scheduling policies and
figured out the unique scheduling strategy of ROS 2. [8] also
developed the first RTA of ROS 2 processing chains. Later,
Tang et al. [27] improved the previous analysis by observing
the properties of polling points and processing windows of
default ROS 2 executor. BlaB et al. [7] further improved the
response time, exploiting the execution time uncertainties and
starvation properties of ROS 2 callbacks. Teper et al. [28]
developed end-to-end response-time analysis for ROS 2 con-
sidering the data age and reaction time between sensor outputs
and actuation. Tang et al. [26] presented the analysis modeling
ROS 2 workload as the DAG workload model. All these works
model the ROS 2 workload using default priority orders and
types of callbacks. Choi et al. [9] added unique priorities to
each processing chain and the callbacks instead of using the
default priority order among callbacks. They also designed
a static callback-thread assignments policy. [9] demonstrated
that designing fixed-priority orders among callbacks reduces
the self-blocking of a processing chain by its past and future
instances and improves the processing chains’ response time.

Recent works [16], [24] presented the scheduling model
and analysis frameworks for multithreaded ROS 2. Their
works demonstrated significant differences between the single-
and multithreaded scheduling policies, mainly for adding
complexities for multiple threads and introducing callback
groups. Sobhani et al. [24] further enhanced the callbacks with a
fixed-priority order similar to PICAS [9] to further improve the
timing performance. Compared with existing works, our work
falls under the customized multithreaded ROS 2 executor. We
present a modified executor to support a priority-based scheduler
without breaking the key properties of ROS 2. However,
earlier, Arafat et al. [2] presented the modified single-threaded
executor for dynamic-priority-based scheduling. Compared with
this work, designing a multithreaded executor involves more
challenges than a single-threaded one, such as issues related
to the callback groups, necessitating careful “update policy
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design,” concurrency and/or racing bugs that only exist for a
multithreaded one.

Besides the scheduling analysis of ROS 2 executor,
Blass et al. [6] discussed the benefits, challenges, and opportu-
nities related to ROS 2; Li et al. [17] analyzed timing disparity
between messages. Moreover, Suzuki et al. [25] developed
ROS extension on CPU/GPU mechanism, and Li et al. [18]
developed a real-time ROS 2 GPU management framework.

VIII. CONCLUSION

This article presented the design, implementation, and anal-
ysis of a dynamic-priority-driven scheduler for a multithreaded
ROS 2 executor. Our proposed executor has the flexibility to
support user-defined scheduling schemes. With such freedom,
one can easily develop a formal timing verification method
to verify the timing correctness of the to-be-implemented
scheduler by leveraging the rich existing schedulability results.
Specifically, we developed an efficient queue updating pol-
icy for ready callbacks and callback selection policies for
dispatching to threads without priority inversion. Finally,
we developed a RTA for nonpreemptive callback scheduling
using the EDF algorithm and implemented it via both case
studies and synthetic workload. We compared our RTA with
the default ROS 2 executor and another priority-enhanced
executor, finding that ours allows for schedulable workloads.
We believe our modified executor design opens the door to
designing more efficient middleware, allowing ROS 2 to adapt
standard real-time scheduling models, enabling existing results
to be used ROS 2 systems.

Limitations and Challenges: By checking for new callback
releases before all selections, our modified executor adds
additional overhead compared to the default executor. Users
of our modified executor must carefully select deadline values
in order to ensure safe behavior of the system. It is the
user’s responsibility to declare callback chains, and determine
appropriate deadlines for each.

Since ROS 2 already supports changing the executor
behavior by using a subclass of rclcpp: : Executor, the
modified executor could be added as a component of rclcpp,
or added as a separate optional package. Our executor adds
additional complexity to the executor implementation, so
inclusion in the default ROS 2 distribution could add work
to documentation, testing, and maintenance tasks, including
our executor in the default ROS 2 distribution, is made easier
by the fact that our executor does not require changes to the
existing data structures in rclcpp.

REFERENCES

“ROS 2 documentation.” Accessed: May 20, 2023. [Online]. Available:
https://docs.ros.org/en/foxy/index.html

A. A. Arafat, S. Vaidhun, K. M. Wilson, J. Sun, and Z. Guo. “Response
time analysis for dynamic priority scheduling in ROS2,” in Proc. DAC,
2022, pp. 301-306.

S. K. Baruah, “The non-preemptive scheduling of periodic tasks upon
multiprocessors,” Real-Time Syst., vol. 32, pp. 9-20, Feb. 2006.

M. Becker et al. “End-to-end timing analysis of cause-effect chains in
automotive embedded systems,” J. Syst. Archit., vol. 80, pp. 104-113,
Oct. 2017.

M. Bertogna and S. Baruah, “Limited preemption EDF scheduling
of sporadic task systems,” IEEE Trans. Ind. Informat., vol. 6, no. 4,
pp. 579-591, Nov. 2010.

[1]
[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]
[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

T. Blass, A. Hamann, R. Lange, D. Ziegenbein, and B. B. Brandenburg, 1011
“Automatic latency management for ROS 2: Benefits, challenges, and 1012
open problems,” in Proc. IEEE 27th Real-Time Embed. Technol. Appl. 1013
Symp. (RTAS), Nashville, TN, USA, 2021, pp. 264-277. 1014
T. Bla, D. Casini, S. Bozhko, and B. B. Brandenburg, “A ROS 2 1015
response-time analysis exploiting starvation freedom and execution-time 1016
variance,” in Proc. IEEE Real-Time Syst. Symp. (RTSS), 2021, pp. 41-53. 1017
D. Casini, T. BlaB, I. Liitkebohle, and B. B. Brandenburg, “Response- 1018
time analysis of ROS 2 processing chains under reservation-based 1019
scheduling,” in Proc. ECRTS, 2019, pp. 1-24. 1020
H. Choi, Y. Xiang, and H. Kim, “PiCAS: New design of priority-driven 1021
chain-aware scheduling for ROS2,” in Proc. RTAS, 2021, pp. 251-263. 1022
(Eclipse Found., Ottawa, ON, Canada). Eclipse Cyclone DDS™ _ 102
Accessed: May 26, 2023. [Online]. Available: https://projects.eclipse. 1024
org/projects/iot.cyclonedds 1025
“eProsima fast DDS.” eProsima. Accessed: May 26, 2023. [Online]. 1026
Available: https://github.com/eProsima/Fast-DDS 1027
N. Guan, W. Yi, Z. Gu, Q. Deng, and G. Yu, “New schedulability 1028
test conditions for non-preemptive scheduling on multiprocessor plat- 1029
forms,” in Proc. Real-Time Syst. Symp., 2008, pp. 137-146. 1030
“GurumNetworks.” GurumDDS. Accessed: May 26, 2023. [Online]. 1031
Available: https://gurum.cc/gurumdds_rmw_eng 1032
C. S. V. Gutiérrez, L. U. S. Juan, I. Z. Ugarte, and V. M. Vilches, 1033
“Towards a distributed and real-time framework for robots: Evaluation 1034
of ROS 2.0 communications for real-time robotic applications,” 2018, 1035
arXiv:1809.02595. 1036
R. Henia et al. “System level performance analysis—The SymTA/S 1037
approach,” [EE Proc. Comput. Digit. Techn., vol. 152, no. 2, 1o3s
pp. 148-166, Mar. 2005. 1039
X. Jiang, D. Ji, N. Guan, R. Li, Y. Tang, and Y. Wang, “Real-time 1040
scheduling and analysis of processing chains on multi-threaded executor 1041
in ROS 2.,” in Proc. IEEE Real-Time Syst. Symp. (RTSS), Houston, TX, 1042
USA, 2022, pp. 27-39. 1043
R. Li, N. Guan, X. Jiang, Z. Guo, Z. Dong, and M. Lv, “Worst-case time 1044
disparity analysis of message synchronization in ROS,” in Proc. IEEE 1045
Real-Time Syst. Symp. (RTSS), Houston, TX, USA, 2022, pp. 40-52. 1046
R. Li et al., “ROSGM: A real-time GPU management framework with 1047
plug-in policies for ROS 2,” in Proc. IEEE 29th Real-Time Embed. 1048
Technol. Appl. Symp. (RTAS), San Antonio, TX, USA, 2023, pp. 93—105. 1049
S. Liu, X. Jiang, N. Guan, Z. Wang, M. Yu, and W. Yi, “RTeX: 1050
An efficient and timing-predictable multi-threaded executor for ROS 1os1
2 IEEE Trans. Comput.-Aided Design Integr. Circuits Syst., early 1052
access, Mar. 21, 2024, doi: 10.1109/TCAD.2024.3380551. 1053
Y. Saito, T. Azumi, S. Kato, and N. Nishio, “Priority and synchronization 1054
support for ROS,” in Proc. IEEE 4th Int. Conf. Cyber-Phys. Syst., Netw., 1055
Appl. (CPSNA), 2016, pp. 77-82. 1056
Y. Saito, F. Sato, T. Azumi, S. Kato, and N. Nishio, “ROSCH: Real- 1057
time scheduling framework for ROS,” in Proc. IEEE 24th Int. Conf. 1058
Embed. Real-Time Comput. Syst. Appl. (RTCSA), Hakodate, Japan, 2018, 1059
pp. 52-58. 1060
J. Schlatow and R. Ernst, “Response-time analysis for task chains in 1061
communicating threads,” in Proc. IEEE Real-Time Embed. Technol. 1062
Appl. Symp. (RTAS), Vienna, Austria, 2016, pp. 1-10. 1063
S. Schliecker and R. Ernst, “A recursive approach to end-to-end path 1064
latency computation in heterogeneous multiprocessor systems,” in Proc. 1065
CODES+ISSS, 2009, pp. 433-442. 1066
H. Sobhani, H. Choi, and H. Kim, “Timing analysis and priority- 1067
driven enhancements of ROS 2 multi-threaded executors,” in Proc. 1068
IEEE 29th Real-Time Embed. Technol. Appl. Symp. (RTAS), 2023, 1069
pp. 106-118. 1070
Y. Suzuki, T. Azumi, S. Kato, and N. Nishio, “Real-time ROS extension 1071
on transparent CPU/GPU coordination mechanism,” in Proc. IEEE 21st 1072
Int. Symp. Real-Time Distrib. Comput. (ISORC), 2018, pp. 184-192. 1073
Y. Tang, N. Guan, X. Jiang, X. Luo, and W. Yi, “Real-time performance 1074
analysis of processing systems on ROS 2 executors,” in Proc. IEEE 29th 1075
Real-Time Embed. Technol. Appl. Symp. (RTAS), 2023, pp. 80-92. 1076
Y. Tang et al.,, “Response time analysis and priority assignment of 1077
processing chains on ROS2 executors,” in Proc. IEEE Real-Time Syst. 1078
Symp. (RTSS), 2020, pp. 231-243. 1079
H. Teper, M. Giinzel, N. Ueter, G. von der Briiggen, and J.-J. Chen, 1080
“End-to-end timing analysis in ROS2,” in Proc. IEEE Real-Time Syst. 1081
Symp. (RTSS), 2022, pp. 53-65. 1082
A. Thekkilakattil, R. I. Davis, R. Dobrin, S. Punnekkat, and M. Bertogna, 1083
“Multiprocessor fixed priority scheduling with limited preemptions,” in 1084
Proc. 23rd Int. Conf. Real Time Netw. Syst., 2015, pp. 13-22. 1085
H. Wei et al., “RT-ROS: A real-time ROS architecture on multi- 1086
core processors,” Future Gener. Comput. Syst., vol. 56, pp. 171-178, 1087
Mar. 2016. 1088
Q. Zhou et al., “Response time analysis for tasks with fixed preemption 1089
points under global scheduling,” ACM Trans. Embed. Comput. Syst., 1090
vol. 18, no. 5, pp. 1-23, 2019. 1091


http://dx.doi.org/10.1109/TCAD.2024.3380551


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


