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Abstract—Image Processing (IP) applications have become
popular with the advent of efficient algorithms and low-cost
CMOS cameras with high resolution. However, IP applications
are compute-intensive, consume a lot of energy and have long
processing times. Image approximation has been proposed by
recent works for an energy-efficient design of these applications.
It also reduces the impact of long processing times. The challenge
here is that the IP applications often work as a part of bigger
closed-loop control systems, e.g. advanced driver assistance system (ADAS). The impact of image approximations that tolerate
certain error on these image-based control (IBC) systems is very
important. However, there is a lack of tool support to evaluate
the performance of such closed-loop IBC systems when the IP is
approximated.
We propose a framework - for both software-in-the-loop (SiL)
and hardware-in-the-loop (HiL) simulation - for performance
evaluation of image approximation on a closed-loop automotive
IBC system (IMACS). Both simulation setups model the 3D
environment in 3ds Max, and simulate the system dynamics,
camera position and environment in V-REP. Our SiL setup
simulates the system software in C++ or Matlab. Here, V-REP
runs as a server and the software as a client in synchronous
mode. Our HiL simulation setup runs the system software in
the NVIDIA Drive PX2 platform and communicates to V-REP
using application programming interfaces (APIs) for synchronous
execution. We show the effectiveness of our framework using a
vision-based lateral control example.

I. I NTRODUCTION
Image-Based Control (IBC) systems are closed-loop feedback control systems which form the backbone of many
modern applications like advanced driver assistance systems
(ADAS), lane departure warning (LDW) systems, autonomous
driving systems, visual navigation systems etc. A typical IBC
system consists of a sensing task (Ts ), which processes the
output of a camera sensor, a computation task (Tc ), which
executes the control algorithm and an actuation task (Ta ) that
applies the decisions made by the controller (see Fig. 1a).
The sensing task (Ts ) in a typical IBC system is composed
of an image signal processing (ISP) pipeline which preprocesses the RAW image captured by the camera sensor and
converts it to a compressed format. This is followed by a
set of image processing (IP) algorithms designed as per the
application requirements which extract features to be used by
the control algorithm. Due to heavy workloads of the ISP
pipeline and the IP algorithms (see Fig. 1a), the sensing task

(Ts ) becomes the main bottleneck in determining a faster
sampling period for the controller. This impacts the control
performance of the entire IBC system [1].
To improve the control performance of an IBC system, there
is a need to reduce the worst-case response time (WCRT) of
the sensing task (Ts ). Image approximation - which trades-off
quality of desired output for performance improvements - is
a potential candidate to address this. It takes advantage of the
fact that most IP algorithms as well as ISP stages are inherently
error resilient [2, 3]. A lot of research effort has already been
put into image approximation [4–6]. However, most of these
approximation techniques just focus on the IP applications
as a stand-alone component. But IP applications may work
as a part of bigger closed-loop IBC systems. This makes it
challenging to analyze the impact of image approximation on
the control performance of the entire IBC system and marks
the need for a framework to easily analyze these trade-offs on
closed-loop systems.
In this work, we propose IMACS, a framework to easily
evaluate the impact of image approximation on the performance of an IBC system. Existing ISP pipelines are designed for photography: they produce high-quality images for
visual consumption. But our key observation is that these
photography-oriented ISP pipelines are an overkill for IBC
systems, as the control algorithms do not need the high level
of visual quality produced by these pipelines. So, in IMACS,
we provide configurable knobs to apply approximations on the
ISP pipeline and/or IP so as to evaluate its trade-off on the
control performance of the entire system.
The key contributions of this work are:
1) IMACS: A framework for performance evaluation of
image approximation on IBC systems. We model the 3D
environment in 3ds Max [7] and simulate the system
dynamics, camera positions and environment using VREP [8] (see Section III).
2) A software-in-the-loop (SiL) simulator which runs V-REP
as a server and the software as a client in synchronous
mode (see Section IV).
3) A hardware-in-the-loop (HiL) simulator which runs the
software in NVIDIA Drive PX2 platform [9] and communicates to V-REP using application programming interfaces (APIs) (see Section V).

4) Evaluation of the effectiveness of IMACS using visionbased lateral control as case study (see Section VI).
The rest of the paper is organized as follows: Section II
gives an overview of the existing full-system approximations
in the literature. Proposed framework is described in Section
III. Detailed description of the SiL and the HiL simulators
are given in Sections IV and V respectively. Section VI
provides the results for our framework and finally, Section
VII concludes the paper with a glimpse on possible future
research directions.
II. R ELATED W ORK
Approximate computing is gaining popularity due to the
energy and performance benefits it offers in error resilient
applications. Although its effects have been thoroughly studied
at different levels across the computing stack, there is a limited
amount of research on the impact of approximations on the
bigger closed-loop system.
An algorithmic approximation approach for software-based
applications is proposed by [10] which reduces the bit precision of the data structures. The approach proved to be quite
effective, achieving orders of magnitude improvements both
in computation and communication costs. An architectural
approximation approach is reported in [11] which focuses on
code acceleration using an approximate neural accelerator. A
hardware-based approximation technique for computer vision
is proposed by [3]. The paper proposes an image sensor
design for computer vision tasks that skips selected ISP stages
and generates inaccurate image data, achieving a considerable
reduction in energy while keeping the classification accuracy
of typical DNN datasets, such as the CIFAR-10, within acceptable levels. However, [10], [11] and [3] do not evaluate
the impact of such approximations on high-level closed-loop
systems.
A full system approximation technique is proposed in [12].
This method approximates different stages of a smart-camera
system like sensor, memory, compute and communication subsystems. Another case study, showing advantages of approximate computing in the domain of biometric security systems,
targeting an iris scanning application is demonstrated in [13].
The impact of approximate computing on a high-efficiency
video coding (HEVC) encoder is explored in [14] leading to
considerable energy benefits that can enable the use of such
encoders in ultra-low power applications such as in the Internet
of Things (IoT) domain. Approximation of compute-intensive
nonlinear model predictive control (NMPC) algorithms for
deployment in low-power embedded systems is shown in
[15]. The paper proposes a hardware-based approximation
technique for the NMPC computation and assumes that full
state information is available. However, image approximation
that introduce errors into the state information and its effects
on the control performance are not considered.
Analyzing the impact of approximating a subsystem on a
closed-loop IBC system is a challenging task and requires
proper tool support for applying synergistic cross-layer approximations. This challenge is addressed using our frame-

work. To the best of our knowledge, this is the first academic
framework that provides tool support for the evaluation of
image approximation on closed-loop IBC systems particularly
in the automotive domain.
Our framework provides tool support for both SiL and HiL
simulation. Existing HiL simulators [16, 17] are commercial
tools. These simulators are not open-sourced and hence configuring the approximation knobs for evaluating the performance
becomes difficult and often time infeasible.
III. P ROPOSED F RAMEWORK : IMACS
In this work, we propose a framework IMACS which helps
in evaluating the impact of image approximation on the
performance of a closed-loop IBC system. Our framework
consists of a physics simulation engine that simulates the plant
or system and software that can be simulated either in a SiL
or a HiL setting.
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Fig. 1: An overview of the proposed framework: IMACS
The main advantages of our IMACS framework are:
1) It allows profiling and characterizing the IBC loop.
2) It allows approximation of the ISP stages and IP.
3) It allows configuring the different approximation knobs
and evaluating the impact on the performance of the
closed-loop system.

4) It allows an in-depth analysis of the trade-offs between
approximation and control performance. E.g. approximating the ISP stages reduces the sensing time and thus
improves the sampling period of the controller. This
results in a better control performance.
We explain IMACS using a vision-based lateral control
example [1]. As shown in Fig. 1b, the setup consists of a
vehicle with a (front-mounted) camera sensor, an ISP pipeline
which preprocesses the RAW image data obtained from the
camera sensor and converts to compressed data, a set of IP
algorithms which identify lane markers to calculate the lateral
deviation of the vehicle from the middle of the lane and a
controller which sets the steering angle in order to minimize
the lateral deviation. Finally, the physics simulation engine
simulates the vehicle dynamics, the environment and actuates
the response from the controller.
Fig. 1a shows that the entire vision-based lateral control
system can be divided into three main tasks: sensing (Ts ),
compute (Tc ) and actuate (Ta ). Ts task is further composed of
the ISP pipeline and IP tasks. The sampling period of the controller is the time between the start of two successive Ts tasks.
The camera images contain the system state information x[k],
e.g. lateral deviation, and are derived by the IP algorithms.
The controller then uses the system states x[k] to compute the
control input u[k] which is the steering angle in this study.
Application profiling on an 8 core generic intel i7 processor
running at 2.6 GHz shows that sensing (Ts ) is the most
compute intensive task and thus, the main bottleneck. Also,
a closer look into Ts shows that ISP takes 89% of the total
runtime of the application (see Fig. 1a). So, in IMACS, we
provide configurable knobs to apply approximations on the
ISP pipeline and easily evaluate its impact on the control
performance of the entire system.
IV. S OFTWARE - IN - THE -L OOP (S I L) S IMULATOR
A SiL simulation is necessary to test the functional correctness of the developed software. Our SiL simulator simulates
the plant or system using a physics simulation engine (see
Fig. 1). The software in the SiL simulator takes as input the
raw image containing state information x[k] from the camera
sensor. The raw image goes through the ISP stages as defined
in our software (currently IMACS supports C++ and Matlab
code). The ISP stages generate a compressed image that is
then processed by the image processing algorithm. The image
processing algorithm extracts the state information x[k] and
feeds it to the controller algorithm. The controller computes
the input u[k] and communicates it to the physics simulation
engine. The frame rate for generating the raw image can either
be set in the simulation engine or triggered synchronously
using our simulator.
Currently, IMACS uses the virtual robot experimentation
platform (V-REP) [8] as the physics simulation engine. V-REP
is a robot simulation framework that enables the development
of complex simulation scenarios, allowing the control entity
of the simulation (our software) to be external. As external
control entity, V-REP’s remote API is used in a client-server

Fig. 2: HiL simulator setup
architecture, in which the server is the V-REP simulation and
the client is the control entity written in C++ or Matlab code.
V-REP’s synchronous communication operation is being used,
which allows passing each simulation step within V-REP in
full synchronization with the software. The interaction with
the plant in V-REP is limited to extracting the image taken by
the camera and setting the control input u[k] on the vehicle
simulated in V-REP.
V. H ARDWARE - IN - THE -L OOP (H I L) S IMULATOR
A Hardware-in-the-Loop (HiL) simulation is essential to
validate functionality and ensure safe timing behaviour of
a closed-loop system. HiL simulation offers realistic validation and evaluation of the developed software compared
to pure offline simulation and in-vehicle rapid prototyping
approaches [16]. Our HiL simulator is illustrated in Fig. 1.
The software we have developed for our closed-loop system
runs on the Nvidia Drive PX2 platform.
NVIDIA Drive PX2 is a scalable, open autonomous vehicle
computing platform that is intended to be the “brain” of an
autonomous vehicle [9]. The NVIDIA Drive PX2 comprises
of 2 Tegra Systems-on-Chip (SoCs) that communicate to each
other via ethernet. Each Tegra SoC has 2 CPU clusters. One
cluster contains 4 ARM Cortex A57 cores and the other
contains 2 NVIDIA Denver2 cores. The clusters are connected
through a high-performance network interconnect. Each of the
Tegra SoC also has 2 Graphical processing Units (GPUs) an integrated Pascal GPU and a discrete GPU - with CUDA
support. The integrated Pascal GPU has 256 CUDA cores and
the discrete GPU has 1154 CUDA cores.
The HiL simulator setup we developed is shown in Fig. 2.
Our HiL simulator interacts with the physics simulation engine
V-REP using TCP/IP [18]. A synchronous mode of execution
between V-REP and our Nvidia platform is achieved using
the remote API. This ensures a lock-step simulation such
that V-REP can wait until the control input is received from
the platform. Enforcing a constant sampling period and delay
necessary for the control design can be ensured by this
synchronization. In addition to the advantages of the IMACS
framework explained in Section III, our IMACS HiL simulator

We plan to compare different algorithmic approximation techniques and their effect on the control performance using
IMACS. The IMACS framework is available for download
from http://www.es.ele.tue.nl/cps/automotive/#imacs.
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Fig. 3: IMACS framework results for accurate vs approximate
image with respect to profiling and performance evaluation.
also lets us evaluate the trade-offs between performance of our
system for different mapping options for the software tasks.
VI. R ESULTS
We illustrate our results using the vision-based lateral control example [1]. Fig. 3 shows the image output we obtain
when the V-REP images are passed through an accurate ISP
and then an approximate ISP with two different configuration
knobs. Knob1 performs only color mapping while knob2
performs only demosaicing [3]. Using IMACS we profile the
timing values for processing the accurate and the approximated
images. We observe a 5.5x and a 4x improvement in timing
for knob1 and knob2 respectively. We notice that the control
performance indeed deteriorates for the approximate images.
However the performance is still within acceptable bounds
(worst-case lateral deviation of 6% is obtained with respect
to the original). Note that Fig. 3 does not incorporate the
improved timing values to get a shorter sampling period, which
may in turn improve the control performance. An extensive
trade-offs analysis considering all these cases is planned for
future work.
VII. C ONCLUSION
We present the IMACS framework for performance evaluation of image approximation in a closed-loop image-based
control (IBC) system. We integrate both software-in-the-loop
(SiL) and hardware-in-the-loop (HiL) simulators in IMACS.
IMACS uses V-REP as the physics simulation engine for
simulating the plant/system. IMACS currently supports C++
and Matlab codes for SiL and the Nvidia Drive PX2 platform
for HiL simulations.
An extensive trade-offs analysis between image approximation and control performance is planned for future work.
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