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Abstract. SYCL is a C++ programming model for the development of
heterogeneous programs. It uses the concept of kernels, where multiple
instances of a computation are executed concurrently on a computing
unit. This concurrency entails that the set of possible program behaviours
can be of considerable size, which makes these programs error-prone.
Formal verification could be used to ensure the correctness of all these
possible program behaviours. However, there exist no formal verification
tools for SYCL.
In this paper, SYCL support is added to VerCors, a formal verification
tool for concurrent software, by encoding SYCL constructs into VerCors’
internal language COL. To the extend of our knowledge, this is the first
deductive verification tool for SYCL. We show how SYCL’s basic- and
ND-range kernels are encoded, along with the encoding and challenges
related to scheduling kernels and the execution order of those kernels.
In addition, we discuss how SYCL’s buffers and data accessors are en-
coded, focusing on the challenges related to it, in particular enabling
memory transfer between host and device. The usability of the added
SYCL support and how it was evaluated are discussed as well.

Keywords: VerCors · SYCL · Formal verification · Heterogeneous com-
puting.

1 Introduction

SYCL [18] is a C++ programming model for developming heterogeneous pro-
grams, where code is executed on multiple, possibly different, computing units.
It allows such programs to be declared on a high level and code for all computing
units to be declared inside the main body of a program, instead of separately.
This has a smaller learning curve for programmers new to heterogeneous pro-
gramming than, for example, OpenCL [17]. Moreover, it supports computing
units from multiple vendors, unlike, for instance, CUDA [24]. It uses the concept
of kernels, where multiple instances of a computation are executed in parallel
on a computing unit. The number of possible program behaviours increases ex-
ponentially with the size of the parallel parts of a program and the number of
threads that execute it [6]. This means that the concurrency of SYCL’s kernels
results in many possible program behaviours. This has the problem that bugs
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which only occur in a few possible program behaviours are easily overlooked. To
solve this, formal verification can be used to reason about the correctness of all
possible behaviours of a program. There exist various formal verification tools
for heterogeneous programs, e.g. GPUVerify [5], PUG [22], CIVL [32], the tool
by Xing et al. [30], and VerCors [6]. However, none of these verify SYCL.

In this paper, we present the deductive verification of SYCL programs in
VerCors. To the extend of our knowledge, this is the first deductive verifica-
tion tool for SYCL. VerCors is a formal verification tool targeted at concurrent
programs in various languages and frameworks, including subsets of the het-
erogeneous computing frameworks OpenCL, CUDA, and OpenMP. It aims to
be language-independent, such that support for new languages can be added
without redesigning the entire toolset. For every supported language, it has an
encoding into a program in its internal language COL, which is then verified
against specifications provided by the user.

To enable developers to formally verify their programs, support was added
for SYCL to VerCors, by encoding several SYCL constructs into COL.

Concretely, the contributions of this paper are as follows:

– The encodings and the encountered challenges of the following SYCL con-
structs and behaviours are explained and illustrated with examples:
• Basic- and ND-range kernel executions and the ability to explicitly wait

on their termination (Section 3).
• The construction and destruction of buffers (Section 4).
• The construction of data accessors and how they interact with elements

of their buffers (Section 5).
• The execution ordering of kernels (Section 6).

– An evaluation of the implementation and usability of the supported subset
of SYCL (Section 7).

The support for SYCL partially builds on top of the current support for OpenCL
and CUDA. The common encoding of kernels between SYCL, OpenCL and
CUDA was used as a basis on top of which SYCL-specific behavior is encoded.
What is newly supported is: 1) the scheduling of (SYCL) kernels, where SYCL
kernels can also be executed out of order and 2) memory transfer between the
host and device through SYCL’s buffers and data accessors.

These contributions only cover the most relevant SYCL constructs and be-
haviours. For more details on the added support, and the encodings of all the
supported SYCL constructs, we refer to the related Master’s thesis [29].

2 Background

2.1 VerCors

Verification process VerCors [6] uses separation logic to prove partial correct-
ness of concurrent programs. Figure 1 shows an overview of how VerCors achieves
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this. It takes source code annotated with specifications and encodes this into its
internal language COL, a Java-like language with specific constructs to express
concurrency. A running example of such an encoding is the method someMethod
in Listing 3 (covered in detail in Section 3). It is encoded into a similarly named
COL method on lines 18-25 in Listing 4. This COL encoding is then converted
in several steps to Viper’s [23] intermediate verification language. VerCors then
passes this off to Viper, which verifies it using Z3 [14]. Then, the results from
Viper’s verification are processed in VerCors and shown to the user.

Specifications In VerCors, specifications are written in an annotation language
similar to JML [21]. In this annotation language, requires expr represents a
pre-condition and ensures expr represents a post-condition. Inside these spec-
ifications, (\forall decls; cond; expr) denotes that expr must hold for all
possible values for the variables declared in decls that meet the conditions
described cond. VerCors extends these specifications with permission-based sep-
aration logic (PBSL) [2,9], which allows users to reason about what data on the
heap is accessible when and by which threads. By default, it is assumed that a
thread does not access any heap data. However, access to an element x can be
modelled using the notation Perm(x, p), where p represents the kind of permis-
sion. The permissions relevant to this paper are read and write, which repre-
sent, respectively, read-only and read-write permission. Internally, permissions
are fractions, where write represents 1 and read a fraction [0, 1). An example
of a specification in VerCors can be seen on line 1 in Listing 3, where a thread
requires read-write permission to some global variable x to execute someMethod.

2.2 SYCL

Programming model SYCL [18] is a C++ programming model that enables
different types of computing units to be used in tandem in a single application,
where a computing unit is a physical component in a system that can per-
form calculations. Examples of computing units are CPUs, GPUs, and FGPAs
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Listing 3: SYCL program where a basic kernel is submitted to a queue, and then,
after some arbitrary host code, the submitted kernel’s termination is awaited.

1 //@ requires Perm(x, write);
2 void someMethod(sycl::queue queueObject) {
3 sycl::event ev = queueObject.submit(
4 [&]( sycl:: handler& commandGroupHandler){
5 commandGroupHandler.parallel_for( sycl::range<2>(6,4) ,
6 //@ requires kernel pre-conditions ;
7 //@ ensures kernel post-conditions ;
8 [=] (sycl::item <2> it){ kernel body });
9 } );

10 arbitrary host code
11 ev.wait();
12 }

[25,27,31]. To enable this, a SYCL application consists of host code and kernels.
Host code consists of code that is executed on the main computing unit (the
host) of the system. Code inside kernels can be executed many times in parallel
on a computing unit of choice, concurrently with host code.

Kernels There are two main types of SYCL kernels: basic kernels and ND-range
(N-dimensional range) kernels. These kernels are invoked with a specific index-
space, where for every point an instance of the kernel is executed by a work-item.
Work-items are organized based on the type of kernel and the index-space.

Both basic and ND-range kernels have a one-, two-, or three-
dimensional index-space. In addition to this, the work-items of an ND-range
kernel are organised into work-groups. A work-group is a collection of work-
items that can synchronize using barriers.

In SYCL, a kernel and its properties, such as its index-space and data-
accessors (discussed in Section 5), are declared inside a command group, as illus-
trated in the overview of SYCL’s application structure in Figure 2. An example
of a command group can be seen on lines 4-9 in Listing 3, where an invocation
of the parallel_for method inside it is used to declare the kernel’s index-space
and body. The index-space is represented by a range object for a basic kernel
or an nd_range for an ND-range kernel. The index-space described on line 5
in Listing 3 states that the work-items are organized in two dimensions, 6 by 4
work-items and those will execute the body of the basic kernel declared inside
the lambda method on line 8.

3 Encoding of SYCL’s kernels

Listing 3 shows a basic SYCL kernel submission to a queue, the waiting for the
termination of that kernel, and arbitrary host code in between. Listing 4 shows
the COL encoding of this program. The encoding of ND-range kernels is similar
to basic kernels, unless indicated otherwise.



Deductive verification of SYCL in VerCors 5

Listing 4: The encoding of the SYCL program in Listing 3. Constructs with the
same highlighting as in Listing 3 are the encoding of that specific construct. α
represents the event-class, β the kernel-runner, γ the kernel-parblock, and ϵ the
host code. context expr; is shorthand for requires expr;ensures expr;.

1 α class SYCL_EVENT_CLASS {
2 α int dim0; int dim1;
3 α
4 α β context Perm(this.dim0, read) ** this.dim0 >= 0;
5 α β context Perm(this.dim1, read) ** this.dim1 >= 0;
6 α β requires (\forall* int ID_0, int ID_1; 0 <= ID_0 && 0 <= ID_1 &&
7 α β ↪→ ID_0 < this.dim0 && ID_1 < this.dim1; kernel pre-conditions );
8 α β ensures (\forall* int ID_0, int ID_1; 0 <= ID_0 && 0 <= ID_1 &&
9 α β ↪→ ID_0 < this.dim0 && ID_1 < this.dim1; kernel post-conditions );

10 α β run {
11 α β γ par SYCL_BASIC_KERNEL(
12 α β γ int ID_0 = 0 .. this.dim0 , int ID_1 = 0 .. this.dim1
13 α β γ ) context Perm(this.dim0, read) ** this.dim0 >= 0;
14 α β γ context Perm(this.dim1, read) ** this.dim1 >= 0;
15 α β γ requires kernel pre-conditions ;
16 α β γ ensures kernel post-conditions ; { kernel body } } }
17
18 ϵ requires Perm(x, write);
19 ϵ void someMethod(ref queueObject) {
20 ϵ SYCL_EVENT_CLASS sycl_event_ref;
21 ϵ sycl_event_ref = new SYCL_EVENT_CLASS(6,4);
22 ϵ fork sycl_event_ref;
23 ϵ arbitrary host code
24 ϵ join sycl_event_ref;
25 ϵ }

3.1 Kernel submissions

SYCL’s behaviour A SYCL kernel is submitted to a queue in the host code.
The queue then schedules the execution of the kernel, whilst the host continues
with executing the statements that come after the kernel submission. Currently,
only one of SYCL’s kernel submission patterns is supported. This pattern is used
in various SYCL teaching materials [10,12,11,15], and appears to be the simplest
way to declare a kernel. However, adding support for the other submission pat-
terns would not be difficult, as the COL encoding could be the same since they
contain the same key elements, albeit using different syntax. In the supported
pattern, the submit method of the queue class is invoked with a command group
as argument. An example of a kernel submission can be seen on lines 3-9 in List-
ing 3. To enable users to reason about SYCL kernels in VerCors, work-item-level
specifications, referred to as user-kernel-specifications, can be added as a con-
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tract to the lambda expression in which a kernel’s body is declared, as can be
seen on lines 6-7 in Listing 3.

Encoding For each submission of a kernel, a new COL class, referred to as the
event-class, is created in the encoding, as can be seen on lines 1-16 in Listing 4.
On lines 20-21 an instance of that class is created in the encoding of the host code
by calling its constructor with the dimension sizes of the kernel’s index-space as
arguments. The constructor1 then sets the fields of the event-class, shown on
line 2, to those dimension sizes. This allows the sizes of the dimensions, which
do not have to be a constant, to be used inside the event-class. A run-method,
referred to as the kernel-runner, is added to the event-class, which can be seen
on lines 4-16. This kernel-runner is executed in parallel with the host code when
the instance of the event-class is forked on line 22. This models the behaviour
that the host continues executing when a kernel is submitted to a queue.

The kernel’s body is encoded similarly to how CUDA kernel declarations are
encoded into COL [26]: they are encoded as a single nested parblock for basic
kernels, or a double nested parblock for ND-range kernels. Parblocks are denoted
by par NAME(work_items) specs { body }, where body is executed parallely
by the work-items declared in work_items. The work-item-level specifications
denoted by specs are a pre-/poststyle contract which should hold right before
and after the execution of body respectively.

The encoding of the parallel execution of the kernel body from Listing 3 can
be seen on lines 11-16 in Listing 4, where the kernel body is put inside a parblock
in the kernel-runner on line 16, referred to as the kernel-parblock, which has dim0
by dim1 work-items.

To enable the kernel body in the kernel-parblock to use the event-class’s
dimension fields, specifications are added to the contracts of the kernel-runner
and kernel-parblock, which check for read access to those fields and that they are
not negative. The user-kernel-specifications are inserted into those contracts as
well. The contract of the kernel-parblock is on the same work-item-level as the
user-kernel-specifications, so the user-kernel-specifications are simply inserted,
as can be seen on lines 15-16 in Listing 4. In the kernel-runner ’s contract, the
user-kernel-specifications are quantified over a range with the same number of
work-items as the kernel’s index-space, as can be seen on lines 6-9. Furthermore,
all the permissions a kernel-runner is supposed to have are already included in
its contract by the encoding (such as permissions to data accessors, described in
Section 5), so the user-kernel-specifications cannot be blindly inserted into its
contract. If they were, permissions to an element x could end up being declared
twice, which makes the encoding unsound. Therefore, all statements regarding
permissions in the user-kernel-specifications are filtered out, such that they are
not added to the kernel-runner ’s contract.

1Definition has been omitted from this paper for brevity.
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Listing 5: Construction and destruction of a two-dimensional buffer in SYCL.
1 { sycl::buffer <T,2> buff =
2 ↪→ sycl:: buffer( hostData , sycl::range<2>(dim0, dim1) );
3 ...
4 } // the buffer is destroyed here

3.2 Explicitly waiting on a kernel’s termination

Calling wait() on an event returned by the submission of a kernel forces the
host to wait for that kernel to terminate. For instance, on line 11 in Listing 3 the
host waits on the kernel submitted on lines 3-9. In the encoding, the instance of
the event-class belonging to the kernel is joined, as shown on line 24 in Listing 4,
which assumes the kernel-runner ’s post-conditions to hold at that point.

4 Encoding of SYCL’s buffers

4.1 Buffer constructions

A SYCL buffer can be seen as a copy of a piece of data on the host. It allows
this data to be accessed in kernels through data accessors (see Section 5). Buffers
are typically declared in the host code, and can be constructed with a pointer
to data, called the hostData, together with a one-, two-, or three-dimensional
range object, which describes how the buffer’s copy will appear to be structured
to the user. An example of such a buffer construction can be seen on lines 1-
2 in Listing 5, where a buffer is constructed with hostData as its data and a
dim0 by dim1 two-dimensional structure. The encoding of creating a copy of
the hostData when a buffer is constructed is shown on lines 1-2 in Listing 6.
As can be seen, a new COL array is created, referred to as a buffer-array, and
the part of hostData within the provided range is copied to that array using
the generated method copy_hostdata_to_buffer2. It was decided to always
generate a one-dimensional buffer-array as specifications about one-dimensional
arrays are easier to verify than specifications about multi-dimensional arrays.

The SYCL specification [18] (page 128) states that when a buffer is con-
structed with hostData, the buffer acquires exclusive access to hostData, such
that hostData’s contents are unspecified during the buffer’s lifetime. However,
the extent of this exclusive access is not stated, so the assumption was made
that only the part within the bounds of the buffer’s range parameter will be
unspecified. The buffer’s exclusive access to that part of hostData is encoded by
the generated predicate exclusive_hostdata_access2 on line 3. This predicate
is then folded, i.e. the contents of the predicate is exchanged for an instance of
the predicate. Folding the predicate has the effect that it hides the read-write
permission to the part of hostData within the buffer’s range from the host.
This means that from that point onwards, it will be verified that the host does
not access it. This encoding does have as a result that read-write permission to
2Definition has been omitted from this paper for brevity.
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Listing 6: The encoding of the buffer construction and destruction in Listing 5.
Constructs with the same highlighting as a construct in Listing 5 are the encoding
of that specific construct.

1 T[] buff;
2 buff = copy_hostdata_to_buffer( hostData , dim0 * dim1 );
3 fold exclusive_hostdata_access( hostData , dim0 * dim1 );
4 ...
5 waiting on kernel terminations
6 copy_buffer_to_hostdata( hostData , buff);
7 unfold exclusive_hostdata_access( hostData , dim0 * dim1 );

hostData is required to construct a buffer, even if the buffer remains unused. If
the buffer does later turn out to claim the entirety of its hostData, the predicate
should cover the entire size of the hostData pointer instead.

4.2 Buffer destructions

When a buffer variable goes out of scope, such as on line 4 in Listing 5, it is
destroyed. When it is destroyed, the host first waits for the termination of all
submitted kernels for which it is required that the buffer’s contents are copied
back to the host. The assumption was made that this covers all kernels with
read-write access to the buffer, as those can alter the state of the buffer, and
thus the state of the hostData on the host. Then, if necessary, the contents of
the buffer are copied to the hostData to make sure its values match the buffer’s
latest contents. After the buffer’s destruction, the entire contents of hostData
can be used again without undefined behaviour. On lines 5-7 in Listing 6 the
encoding of the buffer destruction in Listing 5 is shown. First, all running ker-
nels with read-write access to the buffer are explicitly waited upon, using the
same encoding as for invocations of the event::wait() method (described in
Section 3.2). After that, the buffer’s contents are copied to hostData using the
generated method copy_buffer_to_hostdata3. This copy is always executed,
to avoid having to evaluate whether it is necessary. Last of all, the predicate
exclusive_hostdata_access is unfolded to make read-write permission to ac-
cess hostData available to the host again.

5 Encoding of SYCL’s data accessors

In this section, SYCL’s data accessors and its encoding are explained, which
together with SYCL’s buffers define SYCL’s memory transfer between host and
device. The encoding of SYCL’s buffers and data accessors is new in VerCors.

3Definition has been omitted from this paper for brevity.
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Listing 7: Construction of a two-dimensional data accessor in SYCL.
1 void someMethod(sycl::queue q, sycl::buffer <T,2> buff) {
2 q.submit ([&]( sycl:: handler& cgh) {
3 sycl::accessor <T,2> acc = sycl:: accessor(buff ,cgh , mode );
4 cgh.parallel_for(... ); });
5 }

5.1 Data accessor constructions

SYCL’s behaviour Data accessors allow memory objects on the host, such as
buffers, to be accessed inside kernels. A data accessor can be constructed inside
a command group with a buffer object, the command group’s handler object and
an access mode. The access mode determines how the accessor’s buffer can be
accessed. The access modes chosen to be supported in VerCors are read-only and
read-write, as they could directly be translated to COL permissions. An example
of a data accessor construction can be found on line 3 in Listing 7, where a data
accessor is constructed with mode access to the two-dimensional buffer buff.

Some of the unsupported access modes are used in SYCL teaching materials
[10,12,15]. However, in those materials they could be replaced by supported ones
whilst maintaining a similar, but slightly less efficient behaviour. The unsup-
ported access mode no-init-read-write is similar to the read-write access mode,
except that the previous contents of the buffer are discarded, so it is possible to
add support for it. Adding support for SYCL write-only and no-init-write-only
access modes would be more complicated, as there is no direct way to express
write permission without read permission in PBSL.

Encoding The encoding of the data accessor construction in Listing 7 is shown
in Listing 8. Because a data accessor allows a buffer to be used inside the kernel’s
body, the encoding of that buffer needs to accessible inside the encoding of the
kernel’s body, i.e. the kernel-parblock. Furthermore, changes made to the buffer in
the encoding of the kernel’s body need to be accessible to the encoding of the host
code, where the encoding of the buffer resides. These challenging requirements
could only be satisfied by adding a field to the event-class with the same contents
as the buffer’s buffer-array, referred to as the buffer-field. Furthermore, to share
the size of each dimension of the data accessor’s buffer, a field is added for each
dimension, referred to as buffer-range-fields. These two kinds of fields can be seen
on line 2 in Listing 8. To pass the contents of the buffer-array and its dimension
sizes from the host code to these fields, the constructor of the event-class is
extended to take them as parameters and to use them to set those fields.

To access these fields in the body of the kernel-parblock, specifications are
added to the contracts of the kernel-runner and the kernel-parblock, as can be
seen on lines 4-8 and 11 in Listing 8. They state that all the fields are read-only.
Furthermore, to verify that subscripts to the data accessor are within the buffer-
field ’s bounds, the length of the buffer-field is specified to be equal to the length
of the buffer-array, by stating it is the product of all the buffer-range-fields. On
line 8, the body of the kernel-runner is additionally given read-write permission
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Listing 8: Additions to the event-class for the encoding of the data accessor
construction in Listing 7. The notation \array(name, size) denotes that array
name is not null and has size size. For the ternary operator inside the bordered
frame only the result is inserted. Constructs with the same highlighting as in
Listing 7 are the encoding of that specific construct. The kernel dimension fields
and related specifications have been omitted.

1 class SYCL_EVENT_CLASS {
2 T[] acc; int acc_dim0; int acc_dim1;
3
4 context Perm(this.acc_dim0 , read);
5 context Perm(this.acc_dim1 , read);
6 context Perm(this.acc , read);
7 context \array(this.acc , this.acc_dim0 * this.acc_dim1);
8 context Perm(this.acc[*], mode == read_write ? write : read );
9 run {

10 par SYCL_BASIC_KERNEL(dimensions in index-space)
11 same as lines 4-7
12 { ... }
13 } }

to all elements of the buffer-field if the accessor’s access mode is read-write, or
read-only permission if the accessor’s access mode is read-only. To let the user
decide what work-items have access to what parts of the buffer, this last spec-
ification is not added to the kernel-parblock. These described specifications are
positioned before the encoding of the user-kernel-specifications, such that users
have enough permission to use the data accessors in their kernel specifications.

Data accessors with same buffer The possibility in SYCL to declare multiple
data accessors for the same buffer object for the same kernel added a challenge
to the encoding. It affects the kernel’s access to a buffer: it will equal the most
permissive access mode of the data accessors for that buffer [18] (page 26-27).
To give an example, a kernel with a read-write and a read-only data accessor to
the same buffer will be given read-write access to that buffer. Another challenge
was that changes written to one data accessor must be present in all other
data accessors for that buffer as well. In the encoding this is solved by only
creating a single buffer-field and a single set of buffer-range-fields for each buffer
the kernel has one or more data accessors for. All data accessor usages for a
buffer are encoded to use those fields, and the permission given in the contract
of the kernel-runner to the elements of the buffer-field is the permission that
corresponds with the combined access mode. One downside to this approach is
that if a kernel contains a read-write and a read-only data accessor for the same
buffer, the user is allowed to write to the read-only data accessor in the kernel
body, because the kernel body has read-write access to the buffer-field in the
encoding due to the access mode combination. However, the state of the buffer
is not affected by which data accessor is used, so the encoding is sound.
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Listing 9: Subscripting a two-dimensional data accessor in a kernel in SYCL.
1 //@ context idx0 < acc.get_range ().get (0);
2 //@ context idx1 < acc.get_range ().get (1);
3 //@ context Perm(acc[ idx0 ][ idx1 ], write);
4 [=] (sycl::item <2> it) { acc[ idx0 ][ idx1 ] = value; }

5.2 Interacting with elements of a data accessors’ buffer

The elements of an accessor’s buffer can be accessed in kernels and their contracts
in the same way as C++ arrays are accessed: with subscripts on the data accessor
object, where the number of required subscripts equals the number of dimensions
of the data accessor’s buffer. To give an example, the data accessor acc, which
provides access to a two-dimensional buffer, declared on line 3 in Listing 7 would
be accessed with two subscripts, as can be seen on line 4 in Listing 9. These
data accessor subscripts are encoded as a one-dimensional subscript on the data
accessor’s buffer-field, by means of linearization with the buffer’s dimension sizes.

Required user specifications To interact with a data accessor, the user needs
to specify in the contract of the kernel what elements of the buffer each work-
item is allowed to access, as that contract is merged with the contract of the
kernel-parblock. An example of such a specification can be seen on line 3 in
Listing 9. VerCors checks whether subscripts on an array are within the array’s
bounds. However, VerCors can often not infer this by itself for data accessors
due to the complexity of the encoding. In such cases, the user needs to specify in
the kernel’s contract that the subscripts are within the bounds of the dimensions
they index. To give an example, in Listing 9 the user needs to specify on lines
1-2 that the subscripts are smaller than the bounds of the data accessor.

Updating the buffer In SYCL, when a user updates an element of a buffer
through a data accessor, the data accessor writes this update to the buffer. In
the encoding, all updates are written to the data accessor’s buffer-field instead.
This means that changes made to the buffer-field need to be manually copied
to the buffer-array in the host code. This needs to happen before another kernel
attempts to read the buffer, otherwise it might read old values. This problem
was solved by, for all data accessors with read-write access, assigning a data
accessor’s buffer-field to the buffer-array in the host code right after the kernel
terminates, i.e. right after it is joined. At that point in time no further updates
will be made to the buffer-field, and other kernels cannot access the buffer yet,
as they need to wait till the kernel has finished terminating.

6 Encoding of SYCL’s kernel execution order

As mentioned in Section 3.1, the queue schedules the execution of submitted
kernels. In the encoding, the execution order is determined by the rules below,
where data accessors for the same buffer are considered equivalent. The support
for scheduling kernels is new in VerCors.
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When a new kernel is submitted and it is...

– ... independent from the currently running kernels: it has either an inde-
pendent set of data accessors or an intersection, where all data accessors in
the intersection provide read-only access, it is immediately started.

– ... dependent on one or more of the currently running kernels: it has an
intersection of data accessors, where one or more data accessors in the in-
tersection provide read-write access, then the host halts to wait for all the
running kernels with those data accessors to terminate (by joining their
event-classes, as described in Section 3.2) before starting the new kernel.

Out-of-order scheduling The SYCL specification states that kernels are ex-
ecuted in an out-of-order fashion based on dependency information, but that
kernels dependent of each other are executed in order of submission to the queue
[18] (page 22-23). This implies that submitted kernels that are independent of
each other could be re-ordered at run-time.

To give an example of a possible out-of-order execution, suppose we have
three kernels CGind, CGa and CGb where CGind is independent of CGa and
CGb and suppose CGa and CGb are already submitted to the queue in that
order. If CGind is submitted, it might be that CGb is waiting for CGa if CGb

depends on CGa. The scheduling of CGind can than still be before CGb due to
the independences of the kernels.

In the encoding the host code halts when a submitted kernel needs to wait,
so any kernel submissions declared after it will not be submitted till it starts
executing. This means that kernels are always executed in-order in the encod-
ing. The encoding is sound because SYCL can only reorder kernels independent
of each other, and their independence means that their results are the same
regardless of their execution order.

Halting host code In SYCL, host code does not halt when a submitted kernel
is waiting on other kernels to terminate before executing, which allows host code
declared directly after a submission of a kernel CGk to be executed before CGk

is started. In the example above, arbitrary host code can be executed before
CGa has finished executing and CGb starts executing, because CGb waits on
CGa to terminate. In the encoding this is not possible, as it halts till CGb starts
executing. The encoding is sound, because this does not influence the state of
the heap, and thus the program’s results. The only heap-data that kernels and
host code share are buffers, but host code can neither read nor write to them
or their hostData. A kernel could be submitted in the host code, which uses a
buffer that a currently running kernel CGk uses as well. However, that kernel
is either independent of CGk, in which case the ordering does not influence the
results, or dependent on CGk, in which case it has to wait on CGk to finish,
in both SYCL and the encoding. A buffer’s hostData becomes accessible to the
host code after the buffer has been destroyed. However, at that point all kernels
writing to hostData have terminated, and any changes written to hostData
by the host code do not affect the still running kernels with read-only access,
because they read from a copy made at the point they were submitted.
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Listing 10: Test program that reads from a part of a that is currently claimed
by aBuffer. \pointer(a, 10, write) denotes that pointer a is not null, and
that a to a+9 are valid locations with read-write permission to them.

1 #include <sycl/sycl.hpp>
2 //@ requires \pointer(a, 10, write);
3 void test(bool* a) {
4 sycl::buffer <bool , 1> aBuffer =
5 ↪→ sycl:: buffer(a, sycl::range <1 >(10));
6 bool x = a[5]; // Not allowed
7 }

Table 11: Number of
tests per construct.
Construct Tests
Kernels 15
Item methods4 12
Buffers 16
Data accessors 23
Local accessors4 12

Table 12: Profiling of the usability programs.

Phase Time (s) for Time (s) for
Program 1 Program 2

Parsing 80,1 129,7
Name Resolution 1,1 1,7
Transformation 13,5 21,3
Verification 39,8 154,9
Total 144,4 314,7

7 Evaluation

7.1 Correctness of the implementation

The implementation of the encoding of SYCL into COL was purely additive: code
was added to VerCors’ source code [28] that performs the encoding of SYCL,
but the already existing implementations of encodings of other languages and
frameworks were not altered, nor how the resulting encodings are verified.

The encoding of SYCL into COL was developed in such a way that if the
COL program is proven correct, then the SYCL program is proven correct. This
was not formally proven. The implementation of the encoding was tested on a
large number of examples: examples that are expected to verify and examples
that are expected to fail. VerCors already had a framework for this, which takes
programs and their expected results, which can be a successful verification or a
certain error being thrown. An example of an integration test is the test program
in Listing 10, of which the verification is expected to fail because the program
reads a part of data claimed by a buffer. For every supported SYCL concept,
it was tested whether the implementation matches the described encoding. Fur-
thermore, integration tests were added to test the occurrence of specific error in
specific cases. The number of tests per SYCL construct can be seen in Table 11.

All these tests pass and were run using the ScalaTest [4] test runner in IntelliJ
[16]. Averaged over 5 runs5, executing all tests takes 9 minutes and 30 seconds in

4Not covered in this paper.
5Run in Fedora 38 on a laptop with an Intel Core i7-1165G7 CPU (4 cores, 2 threads
per core, avg. 2.8GHz, max. 4.7 GHz) and 16 GB RAM (DDR4, max. 3200MT/s).
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total. This paper is accompanied with an artifact to run and evaluate the SYCL
examples, which can be found in [33].

7.2 Usability of the supported subset of SYCL

To show that the supported subset of SYCL is extensive enough to verify state-
ments about SYCL programs performing full tasks, two annotated, real-life
SYCL programs were created, which can be successfully verified by VerCors6.

Program 1 (Listing 13) has a method vector_add which performs vector ad-
dition: adding the elements of arrays a and b of size n and storing the results
in array c. Vector addition was chosen because most SYCL teaching materials
[10,12,15] use vector addition as an example program. This means that SYCL
developers, most likely, know how vector addition is performed, and can now see
how they could verify that SYCL program.

Program 2 is a more complex, real-life SYCL program. It has been developed as
a typical program that SYCL developers would write. In addition, it showcases
all the different supported SYCL features. The program contains a method which
applies a function to each element of a two-dimensional matrix and then trans-
poses the results. For the interested reader, the program is listed in Appendix
A.2 in the related Master’s thesis [29].

VerCors occasionally fails to establish the pre-conditions of one of the kernels
in the method, even though they are sound. Normally, non-deterministic results
should be impossible for formal verifiers. However, for quantified expressions
without triggers, which indicate when a quantification should be instantiated, Z3
uses heuristics and randomisation to instantiate them. Triggers are not included
in the encoding of SYCL programs, because they need to be inserted in such
a way that quantifications are instantiated in all necessary cases, which can
be complicated to determine. Therefore, it is most likely that the incidental
verification failures are caused by a failure to instantiate one of the triggerless
quantified expressions in the encoding.

Profiling The profiling of the two programs for the different phases in VerCors
can be seen in Table 12. Both programs were verified five times and an average
was taken for each of VerCors’ phases5,7. As can be seen in the table, verification
of Program 1 took 2 minutes and 24 seconds, and verification of Program 2 took 5
minutes and 14 seconds. From the table, we read that a significant portion of the
total time is spent in the parsing phase, so a large portion of the recorded time
is spent on parsing rather than verifying the encoding of these programs. This
is most likely caused by the fact that VerCors uses the C++ ANTLR grammar
provided by ANTLR, into which VerCors-related grammar-rules were inserted.
Some initial investigation has shown that the grammar was written inefficiently,
but it requires further investigation to pinpoint the precise issue.

6The VerCors version used for running the examples is commit acdfe83 [28].
7The flag –no-infer-heap-context-into-frame, which disables an optimization step,
needs to be enabled to verify these SYCL programs.
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Listing 13: A SYCL program that performs vector addition of two arrays.
1 #include <sycl/sycl.hpp>
2
3 //@ context n >= 0;
4 //@ context \pointer(a, n, write);
5 //@ context \pointer(b, n, write);
6 //@ context \pointer(c, n, write);
7 //@ ensures (\forall int i; 0 <= i && i < n; c[i] == a[i] + b[i]);
8 void vector_add(int n, int* a, int* b, int* c) {
9 sycl::queue q;

10 sycl::buffer <int ,1> a_buf = sycl:: buffer(a,sycl:: range(n));
11 sycl::buffer <int ,1> b_buf = sycl:: buffer(b,sycl:: range(n));
12 sycl::buffer <int ,1> c_buf = sycl:: buffer(c,sycl:: range(n));
13
14 q.submit ([&]( sycl:: handler& cgh) {
15 sycl::accessor <int , 1, sycl::access_mode::read> a_acc =
16 ↪→ sycl:: accessor(a_buf , cgh , sycl:: read_only);
17 sycl::accessor <int , 1, sycl::access_mode::read> b_acc =
18 ↪→ sycl:: accessor(b_buf , cgh , sycl:: read_only);
19 sycl::accessor <int , 1> c_acc =
20 ↪→ sycl:: accessor(c_buf , cgh , sycl:: read_write);
21
22 cgh.parallel_for(sycl:: range(n),
23 //@ context it.get_id (0) < a_acc.get_range ().get (0);
24 //@ context Perm(a_acc[it.get_id (0)], read);
25 //@ context it.get_id (0) < b_acc.get_range ().get (0);
26 //@ context Perm(b_acc[it.get_id (0)], read);
27 //@ context it.get_id (0) < c_acc.get_range ().get (0);
28 //@ context Perm(c_acc[it.get_id (0)], write);
29 //@ ensures c_acc[it.get_id (0)] ==
30 ↪→ a_acc[it.get_id (0)] + b_acc[it.get_id (0)];
31 [=]( sycl::item <1> it) {
32 c_acc[it.get_id (0)] =
33 ↪→ a_acc[it.get_id (0)] + b_acc[it.get_id (0)];
34 } ); }); }

8 Related works

Our work is the first to offer formal verification for SYCL programs. In terms
of informal verification, there do not seem to exist any SYCL-specific testing
frameworks, but there does exist a performance benchmark tool called SYCL-
Bench [19,20], and a runtime debugger based on GDB [1]. The support added to
VerCors for SYCL is built upon on the encodings of GPGPU languages similar
to SYCL into languages similar to COL, described by Blom et al. [7] and Darabi
[13] for a subset of OpenMP, and described by Safari & Huisman [26] for a
subset of CUDA. Inspiration was also taken from the approaches to verifying
GPGPU kernels and their incorporation into VerCors described by Amighi et
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al. [3], Blom et al. [8], and Darabi [13]. There also exist other formal verification
tools for GPGPU programs, which might be able to extend their support to
SYCL as well, such as GPUVerify by Betts et al. [5] for OpenCL and CUDA,
PUG by Li & Gopalakrishnan [22] for CUDA, the tool by Xing et al. [30] for
CUDA, and CIVL by Zheng et al. [32] for kernels from different languages.

9 Conclusion

This paper described how a core subset of SYCL constructs are encoded into
VerCors’ internal language COL to support verification of SYCL programs. More
precisely, the encodings of the following SYCL constructs were discussed and il-
lustrated with examples: submissions of basic- and ND-range kernels, explicitly
waiting on their termination, constructions and destructions of buffers, construc-
tions of data accessors, and interactions with elements of their buffers. Further-
more, the encoding of SYCL’s kernel ordering and its soundness were discussed.
To evaluate the added support, integration testing was used. The usability of the
supported subset of SYCL was also shown. Vector addition, used as an example
in most SYCL teaching materials, can be verified with VerCors. Function appli-
cations to a matrix and transposing the results using a combination of all of the
supported SYCL features can be verified as well, may it be with the occasional
false negatives due to the lack of triggers in the encoding. All in all, our work
makes VerCors the first tool to formally verify (a subset of) SYCL programs.

10 Future work

To solve the issue of VerCors occasionally giving false negatives, we plan to
investigate how to insert triggers in the right places in the encoding of SYCL
programs. We would also like to add support to VerCors for more SYCL con-
structs that could be useful to developers. SYCL’s group barriers and memory
fences can be used to control the reordering of memory loads and stores in a
kernel and allow work-items to synchronise with each other. To add support for
these constructs we could take inspiration from the encoding of their OpenCL
and CUDA counterparts. SYCL has a virtual generic address space that over-
laps its global, local, and private address spaces (which are already supported
in VerCors). It can be used in cases where it is not known in advance, or irrel-
evant, in what address space data is stored. There exists no VerCors support
for any similar constructs at the time of writing, making it also interesting to
investigate. As always, we plan to do more complex case-studies to both test our
SYCL support and find the limits of the current support. Last of all, we would
like to include the often required user specifications about the bounds of the
subscripts on data accessors in the encoding, such that the user will no longer
need to specify them.
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