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Abstract—High-level synthesis (HLS) takes as input a behav-
ioral description (e.g. C/C++) and generates efficient hardware
through three main steps: allocation, scheduling, and binding.
The scheduling step, times the operations in the behavioral
description by scheduling different portions of the code at
unique clock steps (control steps). The code portions assigned
to each clock step mainly depend on the target synthesis
frequency and target technology. This work makes use of this
to generate smaller and faster circuits by approximating the
program portions scheduled in each clock step and by exploiting
the slack between different scheduling step to further increase
the performance/reduce the latency of the resultant circuit.
In particular, each individual scheduling step is approximated
given a maximum error boundary and a library of different
approximation techniques. In order to further optimize the
resultant circuit, different scheduling steps are merged based
on the timing slack of different control step without violating the
given timing constraint (target frequency). Experimental results
from different domain-specific applications show that our method
works well and is able to increase the throughput on average by
82% while at the same time reducing the area by 21% for a
given maximum allowable error.

Index Terms—Approximate Computing, High-level Synthesis,
Machine Learning, Behavioral Hardware Accelerators

I. INTRODUCTION

In modern complex integrated circuits (ICs), dedicated hard-

ware accelerators are often used to accelerate the execution of

a specific task efficiently. In particular, for tasks with large

amounts of parallelism, this leads to faster computations at

a much lower frequency, and thus, lower power. However,

these accelerators are often hand-optimized, while they are

becoming more and more complex to implement even by

skilled hardware designers. Thus, methods to facilitate the

design of these accelerators and making them more energy

efficient are needed. High-level synthesis (HLS) is one of

the solutions, which takes as input a high-level description

(e.g. C/C++) and outputs an efficient hardware implementation

typically in a hardware description language such as Verilog

or VHDL.

One additional design paradigm that is being used to further

improve the performance and reduce the power consumptions

of ICs is approximate computing. Approximate computing

takes advantage of the fact that many applications are tolerant

to inaccuracies and thus, can trade-off the output error of an

application against area or power. Although it is not a new

discipline, it has recently regained much attention mainly due

to the heterogeneity of complex SoCs, which now include

multiple hardware accelerators. Some of these applications

include digital signal processing, image and media processing,

and machine learning, etc. These applications do not require

exact solutions. Instead, approximate results are allowed due

to e.g. human visual or hearing limitations.

In the past, approximate computing was mainly restricted

to bit-width optimization and floating-point to fixed-point data

conversion, which is a typical optimization done by hardware

designers. Since then, it has been applied to almost any design

abstraction from software [1]–[3] to physical design [4]–[6].

This new paradigm, combined with the increased level of

abstraction using HLS to increase the design productivity,

is a promising approach to design the next generation VLSI

circuits (or at least part of them).

HLS is composed of three well-known steps: resource

allocation, scheduling, and binding. (i) The allocation step

identifies the functional units required to execute the differ-

ent operation in the behavioral description. (ii) Scheduling

then times the operations based on the number of available

resources, the target frequency, and the technology library. Fi-

nally, (iii) binding maps the operations to individual functional

units.

This work mainly focuses on approximating the schedul-

ing stage of the HLS process such that circuits with lower

latency/higher-performance can be obtained. In particular, by

approximating the operations assigned into each clock step

independently. Then each approximated scheduling step is

merged with neighboring steps based on the timing slack

available reducing the total number of clock steps required to

produce the output. In summary, we propose a performance-

oriented HLS approximation method, which approximates and

merges different scheduling steps during HLS to minimize

the latency of the final circuit. The main contributions can

be summarized as follows:

• Motivate the benefits of HLS scheduling approximation.

• Study the impact of approximating scheduling step for a

given behavioral description synthesized with HLS.

• Propose an effective synthesis method that approximates

different control steps during HLS to maximizes through-

put and reduce the latency of the synthesized circuit.

• Perform comprehensive experimental results to show the

effectiveness of our proposed method.
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Fig. 1: Motivational example. (a) FIR description (b) Original schedule without any approximation. (c) Schedule with

approximation and (d) schedule when control steps are merged.

Fig. 2: Impact of scheduling approximations on area, latency,

error and throughput.

II. MOTIVATIONAL EXAMPLE

Fig. 1 shows a motivational example for this work; in this

case, it is a six-tap finite impulse response (FIR) filter. In

particular, Fig. 1(a) shows the code snippet of the untimed

behavioral description and Fig. 1(b) is one possible scheduling

result. In this case, three scheduling control steps are required

to produce a new output. The first scheduling step (c-step1)

reads the data into an array (ary), following by the multipli-

cation and summation process in control step 2 (c-step2). The

last scheduling step (c-step3) does the rounding operation and

outputs the result. The result of this synthesis is a design that

requires three clock cycles to finish the computation, and thus,

the latency (L) of the final circuit is equal to three (L = 3),

denoted by a red star symbol in Fig. 2. Fig. 2 also shows

the impact of the different examples on the latency, area,

throughput, and error. This exact circuit has a specific area

(A) and throughput (T ), with the throughput determined by

the latency of the circuit (in clock cycles) and the maximum

frequency at which the circuit can operate, which in turn

depends on the longest delay in any of the control steps. Thus,

T = fmax/L.
Fig. 1(b) also shows that the logic in each control step

has a delay smaller than the maximum delay allowed by

the target synthesis frequency: (c-step1delay+c-step1slack) and

(c-step2delay+c-step2slack) and (c-step3delay+c-step3slack)�
1/fmax. HLS tools know the delay and area of each operation

to be scheduled in each step as they take as input a technology

library with this information. Thus, they are able to parallelize

and partition the behavioral description such that the target

maximum frequency can be always achieved.
Fig. 1(c) shows an example when the logic of control

step 2 (c-step2) is approximated. For this we build a library

of approximations that include variable to variable (V2V),

variable to constant (V2C), functional unit approximations,

etc.. In this case, this leads to the pruning of parts of the

circuit, not requiring the FUs that perform the sum-of-products

anymore, as shown in Fig. 1(c). Fig. 2 shows how this

approximation affects different design metrics. The latency of

the circuit is still three clock cycles, but the area is smaller

and the final maximum frequency is larger because the critical

path of this example was in c-step2.
Finally, Fig. 1(d) shows the new schedule when c-step1

and c-step2 are merged into one single control step. If the

new logic originated from the new approximate circuit cor-

responding to control step 2 has a smaller delay than the

available slack of any of the adjacent control step, these two

control step can be merged. In this case, the approximated

scheduling step (c-step2new) is merged with control step 1 (c-

step1) without violating the timing constraint (1/fmax). This

implies that delayc−step1 + delayc−step2new
� 1/fmax.

The result of this approximation and control step merging is

a new micro-architecture that only requires two clock cycles

(L = 2) to generate a new output as shown in Fig. 2, but

leads to a larger output error, indicated by the purple diamond

(d) (in this case 15%). The area gets affected in different

ways, depending on the approximation being used. Some

approximations like in this case lead to a smaller area, while

others might increase the area, e.g. if the FUs are substituted

by approximated FUs that cannot be shared anymore.

III. PREVIOUS WORK

This work touches the area in HLS and approximate com-

puting, which has attracted much attention in the community

with the growing importance of IC cost reduction and the

necessity to further reduce the power. Approximate computing
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Fig. 3: Proposed HLS scheduling approximation method flow.

can be applied to different domains. These include, software,

computer architecture and VLSI designs (behavioral level,

register transfer level, physical level). Good overall surveys

can be found at [7] and [8].

Designing dedicated hardware accelerators at the RT-level

for every application is prohibitively expensive due to the high

Non-Recurring Engineering (NRE) costs. Therefore, current

work targets the design of these HW accelerators by using

higher levels of abstractions (i.e. HLS).

With regards to previous work related to approximate com-

puting in HLS, in [9], the authors introduced ABACUS (au-

tomatic behavior approximation circuit synthesis). This work

approximates behavioral descriptions by applying multiple

approximations like data type simplification and variable to

constant replacement. Li et al. [10] presented an approximate

aware HLS flow that further extends this flow by including

voltage-scaling approximation. Xu et al. [11] showed that

a multi-level approach has additional benefits by applying

approximations at different VLSI design stages starting at the

behavioral level to the gate-netlist level.

The proposed work is different from these previous works.

Most of the previous work apply approximation design space

search blindly and leave the optimization up to the synthesis

tool. In this work, we try to approximate and merge different

scheduling step during the HLS to reduce the number of

clock cycles required, which at the same time increases the

throughput of the final hardware accelerator. To the best of

our knowledge, this is the first work that targets specific HLS

scheduling approximation.

IV. PROPOSED METHOD

Our proposed method takes as inputs the behavioral descrip-

tion to be approximated (Cinput), the maximum error allowed

(Emax), the target frequency (fmax), the HLS technology

library (techlib), the golden error-free outputs (GO) and a

library of approximation primitives (libaprx). The GO allows

our method to measure the effect of the approximations on the

circuit’s outputs error. The output is a set of Pareto-optimal

design implementations (DListopt) with unique area/power

vs. error trade-offs all within Emax.
The proposed method is composed of 2 main phases as

shown in Fig. 3 and algorithm 1. In particular, the first

phase synthesizes the behavioral description and extracts the

logic of each scheduling step onto a newly timed behavioral

description. The next phase then approximates each individual

control step applying a set of approximation primitives and

continues by merging control steps based on the new delays

of the approximated control steps and the delay slack available

in neighboring control steps. The complete flow is fully

automated. In particular:

Phase 1: High-level Synthesis Control Step Extraction:
Our proposed method starts by synthesizing (HLS) the input

behavioral description (Cinput) and by extracting the delay

information reported by the HLS tool about each control step

and the available slack (line 2). In the example shown in Fig. 3,

the latency (L) of the golden error-free circuit equals to 3,

which means that three clock cycles are needed to generate

the output results of the circuit.
This phase also identifies the source code lines that are

executed in each individual scheduling step. For this, this stage

relies on the synthesis result of the HLS tool. Modern HLS

tools report detailed timing information and provide extensive

cross-referencing capabilities that allow tracking the output

of each HLS stage back to the original untimed behavioral

description. This allows designers to modify the behavioral

description if needed to improve the quality of the synthesis

result. Moreover, commercial HLS tools (particularly ASIC

style like [12]–[14]) allow to manually time a behavioral

description. This is typically done by inserting a timing

descriptor in the form of a special character like $ or wait
statement in the behavioral description. This allows designers

to exactly time a behavioral description that is often required

when designing interfaces. Timing the behavioral description

is basically equivalent to manually scheduling the description.
Our method, therefore, makes use of this information gen-

erated by the HLS tool to create a new timed behavioral

description (Ctimed) (line 3) replicating the exact schedule

produced. This allows our method to isolate each individual

control step, and hence, approximate them individually in

phase 2 by using different approximation techniques.

Phase 2: Approximation Optimization: This phase can be

further decomposed into three steps. Step 1 approximates the

source code contained each in control step encapsulated within

the timing descriptors in Ctimed. Step 2 enables multiple

individually approximated control steps leading to designs
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ALGORITHM 1: Proposed high-level synthesis

scheduling approximation method.

input : Cinput, fmax, techlib, libaprx, GO,Emax

Cinput: Behavioral description to be approximated
fmax: Target synthesis frequency
techlib: HLS technology library
libaprx: Library of approximation primitives
GO: Golden output
Emax: Maximum error allowed

output: DList = {D1(A,L,Dly,E),. . . , Dn}
DList: Design list
A: Design area; L: Design latency
Dly: Design delay; E: Error

1 /* Phase 1: HLS Control Step Extraction */
2 csteps(codes, delay, slack)← HLS(Cinput, fmax, techlib)
3 Ctimed ← insert timing(Cinput, csteps)
4 /* Phase 2: Approximation Optimization */
5 foreach cs ∈ csteps do
6 Dcsi (A,L,Dly)← approx(Ctimed, csi, libaprx)
7 add to DList(Dcsi , E ≤ Emax)
8 while DList do
9 Dcs ← add cs min error(DList)

10 Dcs(A,L,Dly)← sim HLS(DCSs)
11 add to DList(Dcs, E ≤ Emax)
12 foreach Di ∈ DListopt do
13 foreach csi ∈ Di do
14 csi,iadj

← merge(CSi, csiadj
, dly(i, iadj) ≤

fmax)
15 Dnew ← updated CtrlStepList(Di, csi,iadj

)

16 Dnew(A,L,Dly)← sim HLS(Dnew)
17 add to DList(Dnew)
18 DListopt = remove non optimal designs(DList)
19 return(DListopt)

with larger area/power savings and at the same time larger

output error. Step 3 merges the approximated control steps

based on the available timing slack available, reducing the

total number of scheduling steps, and hence, overall latency.

Step 1: Individual Control Step Approximation: This first step

approximates each control step individually given a maxi-

mum error threshold (Emax). For this, it makes use of a

library of approximations. These include either well-known

approximation techniques such as variable to variable/constant

substitutions (V2V/V2C) [9], [11], which substitute a signal

by another signal or a constant value based on the training data

statistical analysis. The library also includes functional units

substitution [15], [16], which substitute an operation from

exact to approximate one, and substituting complete control

steps logic by synthesizable machine learning models similar

to [17], [18].

For the V2V optimization, this is done by calculating the

mean value (μ) the standard deviation (σ) for all of the internal

signals. If two internal signals X , Y are within each other’s

μ±σ, then it substitutes one internal signal by the other. This

implies that the part of circuits needed to calculate one of the

signals will be fully pruned away. For the V2C optimization,

if the standard deviation σ of a specific internal signal X
is within a given threshold (set to 10% in this work), then

this step substitutes this internal signal by its mean value μ,

e.g. ”assign X = μ”. Similar to the V2V optimization, this

implies that the circuits required to compute X is not needed

anymore and hence, will be pruned away.

For the approximated functional units substitution case, only

approximated adder/subtractor and multipliers are supported

in this work. For approximated adders, we make use of the

library provided in [15] and implement several approximate

full adders at the behavioral level (C/C++). Regarding the

approximate multipliers, we use the method presented in [16]

that uses partial product multiplication (PPM) combined with

approximate full-adders using an OR gate in the final output

stage.

The synthesizable predictive models’ substitution library

replaces the source code within each control step by different

synthesizable predictive models (e.g. linear regression, multi-

layer perceptron) [19]. Linear regression is considered for its

simplicity while multi-layer perceptron models can learn non-

linear models and scale better for multiple outputs kernels,

albeit more computation expensive when mapped onto the

hardware. In this work, we use the predictive model toolkit

[20] to learn the appropriate models for different schedul-

ing control steps. Basically, the training data for different

scheduling step is passed to this toolkit in order to obtain the

models’ information. Then the synthesizable predictive model

is created through a simple script that in turn substitutes the

description of the original scheduling control step.

To approximate the different control steps, the modified

behavioral description (Ctimed) from the previous stage is

parsed, synthesized (HLS) and simulated. The result of the

simulation is a VCD file, which contains the values of all the

internal signal for each control step over the entire simulation.

The training data for each scheduling step is analyzed and

extracted from this VCD for analysis. The approximation

optimizations are then applied by analyzing the data from the

extracted VCD file (lines 5-7).

Step 2: Multiple Control Steps Approximation: Once each of

the scheduling steps has been individually approximated, our

proposed method continues by approximating multiple control

steps simultaneously following a greedy algorithm. This step

makes use of the results from the previous step and incremen-

tally increases the number of scheduling control steps that have

been approximated simultaneously until the error boundary

is reached. The method starts by selecting the approximated

control steps with the smallest error, then, iteratively adds

a new approximated control step that has the next smallest

error than the previously selected control step. Each time a

new approximated scheduling step is added, the design is re-

simulated and the output error is re-computed (lines 8-11).

This step might lead to an increase in maximum operating

frequency, in case that the control step that determines the

critical path is approximated, but does not affect the circuit

latency as the number of control steps is kept the same as in

the initial circuit (before approximation).

Step 3: Multiple Control Steps Merging: Finally, our method

merges multiple scheduling steps in order to reduce the overall

circuit latency. Merging scheduling steps reduces the latency

of the circuit, hence, increasing the performance. For this, each

approximated control step is compared against its predecessor

and successor control step. If the delay of the approximated
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TABLE I: Benchmark characteristics

Bench lines add/sub mul arrays loops func
D

S
P

interp 144 111 0 4 6 1

idct 187 301 9 2 9 2

decim 220 62 56 10 15 2

Im
ag

e sobel 70 45 0 2 4 1

mfilter 127 301 9 2 9 3

laplacian 202 244 128 16 6 4

control step is smaller than the available slack in any of

the neighboring steps, then these are merged (lines 12-17).

Because it has been shown that HLS tends to overestimate the

overall delay in each control step [21], we allow an extra 10%

delay increase in each control step.

The results of the proposed method are n approximate

designs that form a trade-off curve with unique area vs.

throughput under the maximum error threshold specified by

the user. Thus, at the end of this stage, all non-optimal

configurations are removed and only the dominating ones are

returned (DListopt) (lines 18-19).

V. EXPERIMENT

This section measures the effectiveness of our proposed

method. Initially, the experimental setup is described in detail,

followed by the experimental results and their discussion.

Experimental Setup: Six computationally intensive applica-

tions amenable to approximate computing were used to test our

proposed method. These designs were taken from the open-

source Synthesizable SystemC Benchmark suite (S2CBench)

[22] and Approximate Computing Benchmark (AxBench)

[23]. Table I shows all of the applications and highlights their

main characteristics in terms of the number of lines of code,

functional units required when the loops are fully unrolled

(default HLS mode). Three of the benchmarks are digital

signal processing (DSP) based (intep, idct, and decim) and

the other three image processing related (sobel, mfilter, and

laplacian).

In order to compute the error, different error metrics have

been proposed in the past [24], [25]. In this case, we use the

Mean Absolute Percentage Error (MAPE) for signal processing

applications and Peak Signal to Noise Ratio (PSNR) for image

processing applications, which is often quoted as a measure of

quality [26]. MAPE calculates the error between the output of

the approximate circuit and the golden output from the exact

solution as follows: MAPE = 1
N

∑N
i=1 |GOi−APOi

GOi
|, where

GOi is the error-free output (golden output), and APOi is the

approximate output.

The experiments were run on an Intel i7-4790 processor

running at a 3.6GHz machine with 16 GBytes of RAM running

Linux Fedora Core 20. The HLS tool used is CyberWorkBench

v.6.0 [14] from NEC. The target HLS frequency (fmax) in

all cases is 100 MHz. The test vectors for DSP benchmarks

are obtained by generating for each IO of each benchmark

100,000 random inputs uniformly distributed between [0,2bw−
1], where bw is the bitwidth of each particular IO. For the
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Fig. 4: Latency vs. MAPE/PSNR for different applications.

image processing benchmarks, we use 512×512 gray BMP

images as our inputs.

Experimental Results: Fig. 4 shows the latency vs. error trade-

off curves, and Fig. 5 shows the area vs. throughput trade-

offs curves for the Pareto-optimal approximated designs. The

maximum error (Emax) allowed for any configuration using

MAPE is set to 20% of the exact solution, and for the PSNR
case, 10dB. It should be noted that we have not found in

literature any previous method that deals with the problem

addressed in this work. Thus, no possible comparison is

possible.
It can be seen from Fig. 4 that our method can reduce the

numbers of clock cycles (latency) needed for different domain-

specific applications for a given error threshold. Furthermore,

as shown in Fig. 5, our proposed method is able to generate

area and throughput efficient designs under a given maximum

threshold (Emax). In the best case (mfilter), the throughput

can increase by 3.4× for the maximum error of 10db.
To summarize, we believe that the experimental results

prove that our proposed method works well, and can increase
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Fig. 5: Area vs. Throughput for different applications.

the performance of the final designs by on average 82% while

reducing the area of final circuits on average by 21%.

VI. SUMMARY AND CONCLUSIONS

In this work, we propose a method that approximates indi-

vidual control steps generated after the HLS scheduling stage.

The proposed method takes as input a behavioral description to

be synthesized using HLS, approximates different scheduling

control steps and merges them based on the timing slack

available without violating the predefined frequency constraint.

Experimental results from different application domains show

that our proposed method works well and that it can increase

the performance (throughput) of the final designs as a function

of the maximum allowable output error.
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