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Abstract—Hardware accelerators are becoming popular in
academia and industry. To move one step further from the state-
of-the-art multicore plus accelerator approaches, we present in
this paper our innovative SAVEHSA architecture. It comprises of
a heterogeneous hardware platform with three different high-end
accelerators attached over PCIe (GPGPU, FPGA and Intel MIC).
Such systems can process parallel workloads very efficiently
whilst being more energy efficient than regular CPU systems.
To leverage the heterogeneity, the workload has to be distributed
among the computing units in a way that each unit is well-suited
for the assigned task and executable code must be available. To
tackle this problem we present two software components; the
first can perform resource allocation at runtime while respecting
system and application goals (in terms of throughput, energy,
latency, etc.) and the second is able to analyze an application
and generate executable code for an accelerator at runtime.
We demonstrate the first proof-of-concept implementation of
our framework on the heterogeneous platform, discuss different
runtime policies and measure the introduced overheads.

I. INTRODUCTION AND RELATED WORK

Nowadays hardware accelerators like General Purpose
GPUs (GPGPUs), Field Programmable Gate Arrays (FPGAs)
or Many Integrated Cores (MICs) are becoming increasingly
popular. Regular computer systems combined with accelera-
tors can process highly-parallel, fast-changing workloads and
reach higher levels of performance whilst being more energy
efficient. To leverage the opportunities of such Heterogeneous
System Architectures (HSAs), the computational intensive
portions of an application (the hotspots) have to be identified
and distributed (or offloaded) among all the computing units.
At the same time, each portion should be executed on the
unit that runs it in the most efficient way. However, adding
heterogeneity to regular computer systems increases the need
of smart resource management and leads to more complex
programming models with new tools and languages.

The need towards new programming models is reflected
in several proposals, most prominent being OpenCL and
CUDA. Besides this, there exist domain specific languages
and solutions such as MaxJ [1] targeting data flow engines
(DFE). Regardless of the particular framework one decides
to employ, the realization of heterogeneous implementations
still have many difficulties that strongly limit the wide spread
adoption. First, the designer has to identify which parts of the
application might benefit from the execution on an accelerator.

This analysis is nowadays done by using offline profiling tools
that the designer uses to determine which application portion
is a bottleneck (or an hotspot) and then has to perform a
manual analysis to identify whether the hotspot benefits from
an heterogeneous implementation. After, the hotspot has to be
manually adapted for the particular target/programming model.
Each different programming model (CUDA, OpenCL, MaxJ)
has its own APIs and optimizations, which strongly limit the
portability across different target architectures.

Following the flow as outlined above might be optimal if the
application is the only one running in the system. However,
this is not always the case, thus the research is focusing on
runtime resource management techniques able to control and
better exploit the usage of underlying resources when multiple
applications are colocated on the same machine. Many of these
efforts focus on the multi-/many-cores scenario, managing
the resources, i.e. cores, assigned to an application, and their
frequencies in order to respect a given goal. Metronome [2] for
instance targets symmetric multicores processors and proposes
to instrument a running application with an library, inspired
from application Heartbeats [3], to collect high-level perfor-
mance information and tune resource management to respect
a desired QoS level. BarbequeRTRM [4] targets a manycore
scenario and is focused on the optimization of performance
and power. However, it requires a deep restructure of the
applications in order to be able to optimize their behavior.
SEEC [5] aims at optimizing a performance/watt ratio ex-
ploring different control techniques ranging from heuristics
to control theoretical and online learning approaches. Finally,
other solutions target heterogeneous systems and are aimed
at achieving a better runtime decision [6] or integration of
accelerators at the operating system level; important work of
this type are PTask [7] targeting GPUs and ReconOS [8] aimed
at an easier integration of FPGA devices.

In this work we make a step forward in the exploitation
of heterogeneous systems by proposing a solution to auto-
matically identify possible hotspots in the application code
at runtime and generating the corresponding binary code to
target the specific accelerator through a just-in-time (JIT)
compiler. This solution will then work in collaboration with
a runtime resource management mechanism that will control
the dispatching of applications onto heterogeneous resources.
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II. HETEROGENEOUS ARCHITECTURE SAVEHSA

In this section we briefly introduce the target architecture
we envision, the SAVEHSA, an innovative architecture, based
on a HSA consisting of CPUs, GPUs and DFEs, that combines
self-adaptiveness and virtualization, to move one step further
with respect to the current state-of-the-art multicore plus
accelerators approaches.
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Fig. 1. Overview of the main system components and their interaction within
the SAVEHSA heterogeneous architecture.

An overview of the main SAVEHSA components is depicted
in Figure 1. The component responsible for performing re-
source allocations at runtime and monitoring the system is
called Orchestrator. It applies self-adaptive techniques
and distributes the workload to ensure that users, applications
and system goals (e.g., optimize for performance, energy or
both) are met. In order to achieve this, the Orchestrator relies
on the concept of feedback-loops — generally referred to as
ODA (Observe, Decide and Act) loops [2]. It first observes
the running applications through a Monitoring API which
continuously gathers information on the progress of each
iteration. It then uses this information to incrementally tune
the application behavior (i.e. utilization, power consumption,
throughput, etc.) via a set of actuators.

However, in order for an application to take advantage
of this, it must be SAVEHSA-enabled. Being SAVEHSA-
enabled means that the application is able to express goals (in
terms of throughput, latency, etc.), and to and provide infor-
mation on its execution progress in the form of heartbeats [3].
This enables the Orchestrator to observe the performance
of the application and decide (based on internal policies)
to improve the execution performance by switching between
different resources. The precondition for exploiting the ability
of the Orchestrator to dispatch workloads to different com-
puting resources is that executable code for these resources is
available. However, this might not always the case, because
the development is time consuming and requires different
programming models.

To overcome this limitation we have developed the Runtime
and Just-in-time Compilation System (RTCS) that is capable
of performing just-in-time code generation for a given accel-
erator. The prerequisite of the RTCS is that at least the CPU
implementation of the code to be accelerated is available. The
RTCS performs some analysis and estimation passes to detect
the SAVEHSA-enabled components (i.e. the main hotspot loop,
available accelerator implementations, etc.). It then exposes its
code generation capabilities to the Orchestrator as an actuator.

The Orchestrator can query the RTCS for implementations
that it can provide, and if required instruct it to generate code
for a missing implementation (GPU or DFE, for example). The
RTCS generates the code and registers the new implementation
with the Orchestrator which can then decide to adapt the
application and offload computation to it. Please note that
in this work we mainly focus on the integration between the
RTCS and the Orchestrator while you can find more detailed
results on both subsystems in [9], [10].

III. SELF-ADAPTIVE RUNTIME SYSTEM

This section presents more details on the Runtime and Just-
in-time Compilation System (RTCS) and the Orchestrator.
The RTCS is responsible for compilation, code optimization,
execution of the application and generation of accelerator
specific code when the Orchestrator instructs it to (governed
by its policies). The RTCS builds on top of the LLVM
compiler infrastructure [11] and works on SAVEHSA-enabled
applications expressed in its intermediate representation format
(LLVM IR), which can be considered as a binary representa-
tion (like Java bytecode). However, before the LLVM IR can
be executed, the application must undergo some preparations.

Analysis and Optimization: There are many ways to
generate LLVM IR from high level languages or even x86
binaries [12]. Hence, before analyzing the application, we
need to canonicalize the IR. We use built-in LLVM passes to
perform lightweight, high-quality code optimizations. These
include promoting memory to registers, loop simplification,
normalization of induction variables, loop invariant code mo-
tion, constant propagation, combining redundant instructions
and dead code elimination. After canonicalization we use cus-
tom analysis and estimation techniques to detect the structure
of a SAVEHSA-enabled application, that is: the Orchestrator
handle (Monitor and Actuator, see Figure 1), the hotspot
(Heartbeat Loop), the available implementations, etc.

The hotspot of a SAVEHSA-enabled application is the main
loop where the Heartbeat framework is used to measure
performance and where for each iteration the Orchestrator
takes a decision where the hotspot is executed (see Figure 2).
This loop is detected in the analysis phase and used later
on to register new accelerator code. This is achieved by
modifying the application control flow with a callback function
to intercept and change the application behavior at runtime.
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Fig. 2. Main loop of an SAVEHSA-enabled application with RTCS.

Application Preparation: Initially the callback function
is empty. However, when a new accelerator implementation
needs to be registered (at runtime), it is updated with code
that registers the new implementation with the Orchestrator.
The callback function is then recompiled and relinked and
in turn registers the new implementation in the next iteration
of the hotspot. After analyzing and preparing the application,
the RTCS starts executing the application. At some point
during the execution the Orchestrator might instruct the RTCS
to generate missing accelerator code to enhance its decision
possibilities by offloading the hotspot to another resource.

Just-in-Time Code Generation: The structure of a hotspot
can be broken down into the following stages: data allocation
and initialization (done once); data migration to and from
the accelerator and the computation kernel (for each iteration
of the hot loop). The registered CPU implementation of the
hotspot is our baseline and is used for generating code for other
accelerators. Once the accelerated code (function) has been
generated, we need to call it with the appropriate parameters
and data handles, and so we analyze the CPU function and
store the arguments used in the CPU call.

Since the Orchestrator can switch between different imple-
mentations at each iteration of the hotspot, we always need to
transfer data to and then back from the accelerator in order
to maintain memory consistency. We achieve this by creating
a wrapper function that first transfers data to the accelerator,
executes the kernel(s) on the accelerator and then transfers
the data back. This wrapper function is registered with the
Orchestrator which can then instruct the application to execute
the code on the new resource. Currently, the code generation
is in a preliminary state, i.e. use pre-compiled GPU kernels
and fetch the right ones at runtime and dynamically link them
into the application. By doing this, we have a working just-in-
time demonstrator to proof the runtime system, actuators and
adapting policies, while having the flexibility of plugging in
the missing components when they become available.

Actuators and Policies: The RTCS functionality consti-
tutes a new possible knob that the Orchestrator might exploit
at runtime to further improve runtime resource allocation. Two
policies have been realized to exploit the RTCS capabilities.

A first policy implements a simple solution to demonstrate
the integration. In fact, if we consider an application without
the RTCS running on top of the Orchestrator, the application
must declare and register upfront all the possible hotspot
implementations for the different processing units. We then
opted for a straightforward integration of the RTCS in such
a flow, simply by invoking the code generation capabilities
of the RTCS when an application registers itself with the
Orchestrator. In this situation the Orchestrator is willing to
pay all the overhead for the generation of all the possible
implementations before starting to dispatch the actual execu-
tion of the application. The second policy delays the code
generation with a lazy approach and invokes the generation of
the implementation for a specific architecture only when the
Orchestrator might need such implementation. In this situation
the overhead will be spread across the whole execution of the
application.

These two policies target two different use cases. The first
one targets a static system with a well-defined resources pool
to use; in this case the Orchestrator might want to know all the
possible implementations before the actual execution. While
the second solution focuses on a dynamic scenario where
resources pool might change at runtime as it can be in a
virtualized environment where the resources can be attached
at runtime to a virtual machine.

IV. EVALUATION

In this section we evaluate the overheads introduced by our
runtime system and we present proof-of-concept results of the
overall SAVEHSA approach. The evaluation is performed on
our heterogeneous server platform with a real-world applica-
tion from the financial analysis domain. The Black-Scholes
Option Pricing (BSOP) [13] is a widely utilized measure of
the risk of loss on a portfolio of financial assets. The test
platform comprises two Intel Xeon CPUs with 32GB main
memory. Additionally it features three accelerators, a GPGPU
(NVidia K20 Tesla), a DFE (Xilinx Virtex-6 SX475 FPGA)
and a MIC (Intel Xeon Phi 31S1P), connected via PCIe.
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Fig. 3. Housekeeping overheads incurred before application start-up.

Overheads: Our runtime system needs to analyze and
modify the application before starting the execution. These
steps, compared to a native execution without the runtime
features, introduce overheads to the overall execution. We
added a timer into the system and sampled it at the five main
phases. Figure 3 shows the consumed time of each phase.
Most of the time is spent in the initialization of the execution
environment (mainly setting up the JIT compilation of LLVM,
55%) and in the analysis & optimization of the application
(44%). The other steps together add up to less than 1%.
Overall, the introduced overhead is very low (about 182ms)
and negligible when our approach is able to match the hotspot
to an accelerated function and offload it.

Runtime System: For our prototypical implementation
and its evaluation, we target the GPU (in addition to the
CPU). The overheads of our approach are already presented
in the previous subsection and the overheads of the Heartbeat
framework are discussed in [14].

We consider three scenarios of the SAVEHSA-enabled
BSOP application, summarized in Figure 4. The top half rep-
resents the average throughput of BSOP. The bottom section
represents the execution time-line when the BSOP application
is run using our proposed approach. This time-line tells us
when the GPU implementation was made available to the
application (at runtime) and when the Orchestrator decides to
switch to it. The vertical dotted lines represent the key events
during the life time of the application.

The first scenario is the execution of native GCC. Here,
the application is run natively with CPU only implementation
i.e. it is compiled with gcc v4.8.2 using optimization level
-O2. This provides us with a baseline against which we com-
pare the RTCS-supported versions. In the second scenario, we
consider RTCS without CodeGen. Here, the application
is executed using the RTCS infrastructure, however the RTCS
does not expose its code generation capabilities. In this case,
the application has no alternate implementation available and
is forced to run only on the CPU. It is interesting to note
that if we compare the execution times of the first and second
scenario we see that the execution time is slightly larger for
the RTCS approach (less than 4%). We attribute this increase
to the compilers (gcc vs llvm) . Finally, in the third scenario,
we exploit the full potential of the RTCS by executing the
RTCS with CodeGen. If we look at Figure 4, we can see
that initially the application is executing on the CPU, however
it is not satisfying the application goal (24 MOptions/s). The
Orchestrator observes this and requests the RTCS to generate

code for the GPU. Once the code is generated and integrated
into the application at runtime, the Orchestrator then switches
execution to the GPU. Once the application starts executing on
the GPU, we can observe an increase in its average throughput.
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Fig. 4. Hotspot execution of a SAVE-enabled application.

V. CONCLUSION AND FUTURE WORK

In this paper we presented the SAVEHSA architecture, a
runtime resource management approach for heterogeneous
systems. We described the concept of SAVEHSA-enabled
applications and how goals can be specified. Then, we looked
at the RTCS and the Orchestrator, the main components of our
approach. The RTCS is able to analyze the application and de-
termine what type of implementations are already present and
in turn propose just-in-time (JIT) code generation possibilities
for the missing ones. The Orchestrator works as a runtime
resource manager for the systems and interacts with the RTCS
by instructing it to generate code for missing implementations
at runtime. We looked at the overheads associated with our
approach and showed that it was negligible (less than 1%).
Finally, we evaluated our solution with a real-world application
from the financial analysis domain illustrating the interaction
between the two components to satisfy application throughput
goals. In this work, we make use of pre-compiled GPU kernels.
The next steps with respect to the RTCS subsystem would
be to generate OpenCL kernels and explore code generation
for the FPGA and MIC architectures. On the Orchestrator
side instead, we will investigate the possibility to partition the
work done in a single iteration of kernel among the available
heterogeneous resources.
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