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EDITOR'S NOTE:
UPCOMING IAJC-ASEE
JOINT INTERNATIONAL CONFERENCE

Philip Weinsier, IJERI Manuscript Editor

IAJC-ASEE 2011
Joint International Conference
The editors and staff at IAJC would like to thank you, our
readers, for your continued support and look forward to seeing you at the upcoming IAJC conference. For this third
biennial IAJC conference, we will be partnering with the
American Society for Engineering Education (ASEE). This
event will be held at the University of Hartford, CT, April
29-30, 2011, and is sponsored by IAJC, ASEE and IEEE
(the Institute of Electrical and Electronic Engineers).
The IAJC-ASEE Conference Committee is pleased to invite faculty, students, researchers, engineers, and practitioners to present their latest accomplishments and innovations
in all areas of engineering, engineering technology, math,
science and related technologies.
Presentation papers selected from the conference will be
considered for publication in one of the three IAJC journals
or other affiliate journals. Oftentimes, these papers, along
with manuscripts submitted at-large, are reviewed and published in less than half the time of other journals. Please refer to the publishing details at the back of this journal, or
visit us at www.iajc.org, where you can also read any of our
previously published journal issues, as well as obtain information on chapters, membership and benefits, and journals.

IAJC Welcomes Three New Affiliate
Journals
IAJC, the parent organization of the International Journal
of Modern Engineering (IJME), the International Journal of
Engineering Research and Innovation (IJERI) and the Technology Interface International Journal (TIIJ), is a first-ofits-kind, pioneering organization acting as a global, multilayered umbrella consortium of academic journals, conferences, organizations, and individuals committed to advanc-

ing excellence in all aspects of education related to engineering and technology. IAJC is fast becoming the association of
choice for many researchers and faculty due to its high
standards, personal attention, fast-track publishing, biennial
IAJC conferences, and its diversity of journals.
In 2010, IAJC accepted the Technology Interface International Journal as the third official, IAJC-owned journal.
Also welcomed to the growing list of affiliate journals are
the International Journal of Engineering (IJE), the International Journal of Industrial Engineering Computations
(IJIEC) and the International Transaction Journal of Engineering, Management, & Applied Sciences & Technologies
(ITJEMAST). With three official IAJC-owned journals and
10 affiliate journals, authors now have a venue for publishing work across a broad range of topics.

Current Issue of IJERI
The acceptance rates for IJERI range from about 30-55%.
As was the case for IJME and TIIJ, this issue of IJERI saw
an abundance of quality papers; thus, the acceptance rate for
this issue was roughly 55%. And, due to the hard work of
the IJERI editorial review board, I am confident that you
will appreciate the articles published here. IJERI, IJME and
TIIJ, are all available online (www.ijeri.org, www.ijme.us &
www.tiij.org) and in print.

International Review Board
IJERI is steered by IAJC’s distinguished Board of Directors and is supported by an international review board consisting of prominent individuals representing many wellknown universities, colleges, and corporations in the United
States and abroad. To maintain this high-quality journal,
manuscripts that appear in the Articles section have been
subjected to a rigorous review process. This includes blind
reviews by three or more members of the international editorial review board—with expertise in a directly related
field—followed by a detailed review by the journal editors.
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Acknowledgment
Listed here are the members of the editorial board who
devoted countless hours to the review of the many manuscripts that were submitted for publication. Manuscript reviews require insight into the content, technical expertise
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EVALUATION OF A SOFTWARE-CONFIGURABLE
DIGITAL CONTROLLER FOR THE
PERMANENT-MAGNET SYNCHRONOUS MOTOR
USING FIELD-ORIENTED CONTROL
Shiyoung Lee, Pennsylvania State University Berks Campus; Byeong-Mun Song, Baylor University;
Tae-Hyun Won, Dongeui Institute of Technology

Abstract
This paper presents a software-defined digital controller
for a permanent-magnet brushless-dc motor (BLDC) using
field-oriented control (FOC). The proposed controller, which
improves the system performance in low-torque ripple and
high performance, is introduced. The proposed FOC controller was implemented with an MC73110 motor-control chip
for experimental verification. Experimental motor waveforms and simulated torque ripples with different commutation strategies were investigated. The simulation was performed with MATLAB/Simulink and SimPowerSystems
library. Simulation results with the conventional trapezoidaland FOC-commutation strategies in terms of toque ripples
are explained. The FOC is easily implemented with accompanying configuration software and provides better performance than the widely-used six-step commutation in industry in regard to the complexity of the commutation circuit,
torque ripple, and efficiency. In addition, the chip-based
FOC controller offers major advantages in lower system
development costs and reusability of the set-up code.

Introduction
The demand for high-performance digital controllers for
variable-speed drive systems in many environmentally safe
electric vehicle and energy efficient servo drive applications
has increased rapidly [1], [2]. These digital controllers maintain the speed and torque of a motor accurately and efficiently. With advanced digital signal processing technologies in
recent years, a cost-effective digital controller can be designed with field programmable gate array (FPGA) on-chip
solutions for the variable-speed drives [3]. This approach
allows the full digital controller to be implemented on the
single-platform configuration without any hardware change.
In addition, the interconnectivity between drive system networks is increased.
There are currently two common technologies for speed
controllers in motor drives: analog and digital. The analog
controller offers great promise for cost-effective products.
However, tuning of control parameters in the analog control-

ler has always been considered one of the major drawbacks
because it directly translates to additional labor cost and
manufacturing inefficiency. Furthermore, the most crucial
factor in analog controllers is in poor reliability of the drive
system. Thus, it is necessary to develop an intelligent software-tunable digital controller that is much more efficient
and reliable.
Increased use of digital controllers will not only reduce
power consumption and system size but also minimize the
development cost of designing a controller [4], [5]. Thus,
there have been many attempts to develop new digital controllers for motor drives [6]. Fortunately, a low-cost FPGA
chip makes it possible for an intelligent controller to have an
on-chip platform that can be fully digitized by FPGA programming codes [7], [8]. This yields a cost-effective and
reliable speed controller for variable speed drive systems.
The intelligent controller can reduce power consumption by
using a real-time control algorithm to monitor variations in
the load. On the other hand, it also reduces component
counts by using an advanced control algorithm. Use of programming architectures can include support for multiple
motor types under a single universal controller platform.
This allows for easy software modification to extend the
various applications.
Various drive systems have been developed and commercialized in recent years. Currently, a three-phase permanentmagnet synchronous motor (PMSM) is being widely used
for accurate speed and torque control. The PMSM eliminates
the commutator, making it more reliable than the dc motor.
Since the PMSM produces the rotor magnetic flux with permanent magnets, it has the advantage of achieving higher
efficiency than an ac induction motor. Thus, PMSMs are
used in high-end white goods and appliances that require
high efficiency and reliability. The advantages of the PMSM
in servo drives may be summarized as follows:
•
•
•
•

Simple rotor structure without windings
High torque density
High efficiency and power factor
Maximum operating speed and maximum rotor
temperatures

EVALUATION OF A SOFTWARE-CONFIGURABLE DIGITAL CONTROLLER FOR THE PERMANENT-MAGNET
SYNCHRONOUS MOTOR USING FIELD-ORIENTED CONTROL

5

•

PMSM

Wide constant torque/power region in the torquespeed characteristics

The PMSMs, however, are not without problems. With the
rotor connected to the load, there is a problem associated
with low pulsation torque quality for variable-speed drive
applications [3]-[6]. The problem inherently exists in the
pulsating nature of torque production, which leads to torque
ripple and acoustic noise. Torque pulsation can be reduced
by overlap control during phase transition. For this reason, a
power inverter is required to operate at a higher switching
frequency in order to achieve overlap control and noise reduction. Disadvantages include high switching losses and
reduction in the overall drive efficiency.
In this study, a software-defined digital controller using
FOC was designed for the PMSM. For validation of the controller, a prototype controller with an MC73110 digital onchip is implemented and demonstrated with two types of
permanent-magnet brushless-dc motors. These PM motors
are defined by their back-EMF waveforms: the three-phase
BLDC for the trapezoidal (six-step) back-EMF (electromotive force) waveform, and the PMSM for the sinusoidal
back-EMF waveform.

PMSM Drive
PMSM Drive System
Figure 1 shows a common 3-phase PMSM drive system
that consists of a standard 3-phase power inverter and a
PMSM. The power inverter consists of six power MOSFETs
that operate in the complementary mode. This inverter provides current to drive the motor. For the BLDC, as shown in
Figure 2, the motor is typically wound as a trapezoid in order to generate the trapezoidal shape back-EMF waveform.
The generated torque has considerable ripple torque that
occurs at each step of the trapezoidal, or six-step, commutation.
The six-step commutation typically energizes two motor
phase windings at any commutation sequence. In contrast,
the PMSM has a sinusoidally-distributed winding to produce
the sinusoidal type back-EMF. Although the torque generated from the PMSM is smooth with much less ripple torque
than with the BLDC, the peak torque production from the
PMSM is lower. The sinusoidal commutation yields a sinusoidal motor current by energizing all three motor windings.

Figure 1. Three-phase full-bridge power circuit for PMSM
drive

Encoder

Rotor
(magnet)

Stator

Figure 2. Photo of a BLDC structure (Moog BN23-28PM01LHE) (Courtesy of Moog Component Group Inc.)

Control
The relationships between the three-phase back-EMF, motor current, and air-gap power of the PMSM are shown in
Figure 3. The trapezoidal back-EMF (ea, eb, and ec) has a
constant magnitude of Ep during 120 electrical degrees in
both the positive and negative half cycles. The air-gap power, Pa, and the electromagnetic torque are both continuous
when motor currents ia, ib, and ic are applied during the same
period in both half cycles. The instantaneous-voltage and
torque equations of a PMSM are shown in equations (1) and
(2).

va   R 0 0  ia   L 0 0 
ia  ea 
 v  =  0 R 0  i  +  0 L 0  ⋅ d i  +  e 
 b 
 b  
 dt  b   b 
vc   0 0 R  ic  0 0 L
ic  ec 
Te =

6

Hall
sensor

ea ⋅ ia + eb ⋅ ib + ec ⋅ ic

ωm

(1)

(2)
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where,
va, vb, vc :
ia, ib, ic :
ea, eb, ec :
R:
L:
ωm :
Te :

motor terminal voltages, V
motor phase currents, A
back-EMF voltages, V
motor winding resistance, Ω
motor winding inductance, H
motor angular speed, rad/s
motor torque, N ⋅ m

Motor torque is generated by the sum of products of backEMF and motor current. However, it is inversely proportional to motor speed, yielding high torque at low speed and
low torque at high speed.

The FOC, a control technique for operating the motor that
results in fast dynamic response and energy-efficient operation at all speeds, is suitable for high-end application due to
its complex design and higher processing requirements. It
commutates the motor by calculating voltage and current
vectors based on motor-current feedback. It maintains high
efficiency over a wide operating range and allows for precise
dynamic control of speed and torque. The FOC controls the
stator currents represented by a space vector [1], [7]-[11]. It
transforms three-phase stator currents into a flux-generating
part and a torque-generating part and controls both quantities
separately. The arrangement of the FOC controller resembles a separately-excited DC motor.
The simplified block diagram of an FOC for PMSM is
shown in Figure 4. Phase A and B currents are measured
with current sensors. The Clarke transformation converts the
three-phase sinusoidal system (A, B, C) into a two-phase
time variant system (α, β). It is applied to determine the motor stator current projection into the two-coordinate stationary reference frames (α, β).
Current
Command

+

q-Loop
Error
-

0

+

d-Loop
Error

PI
Filter
PI
Filter

q

A

Inverse Pa rk
Transforma tion

d

Hall, Encoder Feedback
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B

Motor Output
Module

C

Motor Current Feedback

α
Park
Transforma tion

β

PWM
Output

Phase A

Clarke
Transforma tion

Phase B
Hall, Encoder Feedback

Figure 4. Simplified block diagram of an FOC

Figure 3. Relationship between back-EMF, motor current,
and air-gap power for three-phase PMSM drive

Software Configurable Digital
Controller

A two-coordinate time invariant system (d, q) is obtained
by the Park transformation. In this system, the motor fluxgenerating part is d (direct) and a torque-generating part is q
(quadrature), as shown in Figure 5. The (d, q) projection of
the motor stator currents are then compared to their reference values: the current command for q-loop and 0 for dloop. Both d- and q-loop errors are corrected by PI controllers.

Phase B
Phase C

In order to drive the PMSM, an electronic commutation
circuit is required. This paper deals with the position-sensorbased commutation only. The widely used commutation
methods for the PMSM are trapezoidal, sinusoidal, and
FOC. Each commutation method can be implemented in
different ways, depending on control algorithms and hardware implementation, to provide distinct advantages.

d

α
Phase A

Three-Phase
to
Two-Phase
Clarke
Transformation

β

Stationary
to
Rotating

q

q

Park
Transformation

Three-Phase
System
Stationary Reference Frame
(AC)

α

d
Control
Process

Rotating
to
Stationary

Phase A

β

Space Vector
Modulation

Phase B
Phase C

Inverse Park
Transformation
Two-Phase
System
Rotating Reference Frame
(DC)

Three-Phase
System
Stationary Reference Frame
(AC)

Figure 5. Various coordinate transformations
in the FOC system

The inverse Park transformation generates a three-phase
current command from the PI current controller. A new volt-

EVALUATION OF A SOFTWARE-CONFIGURABLE DIGITAL CONTROLLER FOR THE PERMANENT-MAGNET
SYNCHRONOUS MOTOR USING FIELD-ORIENTED CONTROL

7

age vector is applied to PMSM using the space vector modulation (SVM) technique. It provides more efficient use of the
bus voltage than the conventional sinusoidal pulse width
modulation (SPWM) technique. The maximum output voltage based on the SVM is 1.15 times greater than the conventional SPWM [1]. The SVM considers the power circuit as
one device, which affects all six power-switching devices
because it controls the voltage vector. The characteristics of
three commutation methods for the PMSM are summarized
in Table I.

(b) Trapezoidal commutation with PMSM

Simulation and Experimental
Verification
Verification with Simulation
Table 1. Characteristics of various commutation
methods for the PMSM
Commutation
Methods

Speed
Control

Torque Control

Trapezoidal

Excellent

Sinusoidal

Excellent

Low
Speed
Torque
Ripple
Excellent

FOC

Excellent

Excellent

High
Speed
Efficient

Excellent

Inefficient

Required
Feedback
Devices

Algorithm
Complexity

Hall

Low

Encoder,
Resolver
Current
Sensor,
Encoder

Medium
High

In order to verify the generated torque ripples with combinations of two commutation strategies, simulation results
with MATLAB/ Simulink software are shown in Figure 6.
The simulation is performed with MATLAB/Simulink and
PMSM library in SimPowerSystems. The simulation results
verify that mismatch of the back-EMF waveform and commutation method produces ripple-rich torque. The torque
produced with the trapezoidal commutation with PMSM has
ripples as shown in Figure 6(b). Therefore, the PMSM with
sinusoidal commutation is the most desirable combination
for producing minimum ripple torque, as shown in Figure
6(c).

(a) MATLAB/Simulink model

8

(c) FOC commutation with PMSM
Figure 6. MATLAB/Simulink model and simulation results of
two commutation strategies with PMSM: torque (Top),
motor current (Center), and back-EMF (Bottom)

Experimental Verification
Experimental verification was performed with the
MC73110 Developer’s Kit from Performance Motion Devices, Inc. The MC73110 motor-control IC is an advanced
single-chip, single-axis device that can be used to implement
an intelligent three-phase BLDC controller based on FPGA
and ASIC technologies [7], [12]. It is packaged in a 64-pin
thin-quad flat pack (TQFP) measuring 12 mm by 12 mm and
operates on 3.3V. It can be operated in internal velocity profile mode, velocity mode with an external analog, digital
velocity command signal, or torque mode with an external
torque command signal. It also can be operated as a
standalone controller using pre-programmed parameters
stored onto chip flash memory or through the RS-232 serial
port using the Pro-Motor graphical user interface (GUI) setup software. The simplified functional block diagram of the
MC73110 is shown in Figure 7.
The various functions useful for the development of the
BLDC drive are embedded in the MC73110 IC. These functions include three-phase PWM generation for a three-phase
full-bridge power circuit and three-signal PWM for singleswitch per-phase power circuit configuration, Hall- or quadrature encoder-based commutation, digital current and velocity loops, profile generation, emergency stop, analog velocity command, and RS-232 serial communication port. In addition to the conventional six-step with Hall-effect sensors
and sinusoidal commutation with encoder, FOC is possible
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with MC73110 IC V2.2 and Pro-Motor V2.52. The FOC
commutation provides the precise magnetic field orientation
for a given rotor angle, load and speed in order to optimize
overall servo drive performance.

Conclusions

PWM Output Disable

A/D
10-bit

Current
Command
16-bit

Hall
Sensors

PhaseC

CurrentA
CurrentB

6-Signal PWM
Output with
Shoot-through Delay

Digital Current
Loop Module
PhaseB

SCI

3-Signal PWM
50/50 Output
Motor Output Module
(3- or 6-signal output)
PhaseB

SrlEnable
SrlXmt
SrlRcv

Flash User
Configuration
Storage

PhaseA

Command
Processor

PhaseA

Serial EEPROM
I2CData
I2CClk

Amplifier Disable

Commutation
Module

Reset

Motor
Command

Estop
Velocity

A/D
10-bit

QuadA
QuadB
Index

Position Feedback
and
Commutation Angle

AnalogCmd

A/D
10-bit

DigitalCmdData
DigitalCmdClk

SPI
16-bit

Velocity
Loop
Velocity
Integrator

Velocity
Command
16-bit

sinusoidal motor current waveforms, as shown in Figure 10.
The line-to-line motor terminal voltages look similar with
both commutation methods.

Profile
Generator

A new software-configurable digital controller using FOC
technology for PMSM drives was presented in this paper.
The main characteristics of FOC and control schemes for
PMSM drives were investigated with experimental and
MATLAB/Simulink simulations. The proposed controller
was investigated for two commutation strategies of the
PMSM operation. As a result, it was clear that FOC commutation provides smooth operation at low speeds and is highly
efficient running at high speed. Furthermore, the torque ripple was significantly reduced by the proposed controller.
The chip-based FOC controller offers major advantages in
low servo-system development cost with no control-code
development and reusability of the set-up GUI.

Figure 7. Simplified functional block diagram of MC73110

A quadrature encoder and three Hall-effect sensors are required to implement the sinusoidal drive. The FOC drive can
be realized by either a quadrature encoder or three Halleffect sensors. The experimental setup to verify two commutation methods is shown in Figure 8. It was originally designed for an electric actuator, which contains electronic
circuitry inside the enclosure along with gear assembly, as
shown in Figure 8.

Figure 9. Relationship between motor line-to-line voltage (Top:
20V/div) and line current (Bottom: 2A/div) with six-step commutation (Horizontal: 10ms/div)

Figure 8. Experimental prototype of the proposed system
(Courtesy of Moog Component Group Inc.)

The motor tested was a PMSM (Moog BN23-28PM01LHE) and the motor terminal voltage and motor current
waveforms of both trapezoidal and FOC drives are shown in
Figures 9 and 10, respectively. The Hall-effect sensor-based
trapezoidal drive and FOC drive provide a similar six-step
current waveform, as shown in Figure 9. On other hand, an
encoder-based sinusoidal drive and an FOC drive produce

Figure 10. Relationship between motor line-to-line voltage
(Top: 20V/div) and line current (Bottom: 2A/div) with FOC
commutation (Horizontal: 10ms/div)

EVALUATION OF A SOFTWARE-CONFIGURABLE DIGITAL CONTROLLER FOR THE PERMANENT-MAGNET
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EFFECT OF THE NUMBER OF LPC COEFFICIENTS ON
THE QUALITY OF SYNTHESIZED SOUNDS
Hung Ngo, Texas A&M University-Corpus Christi; Mehrube Mehrubeoglu, Texas A&M University-Corpus Christi

Abstract
Linear Predictive Coding (LPC) is a basic method used in
speech signal processing. The purpose of this work is to implement a real-time LPC vocoder on a TMS320C6455 DSP
board to assess the effect of the number of coefficients on
sound quality for human voice, and bird and vehicle sounds.
The experimental results show that there exists a threshold at
which the sound quality is degraded. The threshold value
may vary depending on the quality of the original input
sound, the optimization level of LPC implementation, and
the processing speed of the processor. In this work, signalto-noise ratio (SNR) is used as the quality measure to determine the threshold for C6455 DSP.

Introduction
Linear Predictive Coding (LPC) is an important technique
that is commonly used in audio and speech coding [1]-[7].
To produce high-quality speech at low bit rates for storage
or transmission, many well-known speech compression and
decompression techniques, including Code-Excited Linear
Prediction (CELP), use principles of LPC [4]. Although the
compression rate of a low-ordered LPC vocoder is very
high, the synthesized speech is very unnatural and synthetic
[8]. However, the LPC vocoder still enables understandable
speech. LPC10, the US standard for linear predictive coding
of speech at 2400 bits per second, is a typical example. It is
applied in many military applications, which need very low
bit rates and do not require high-quality speech [3], [9].
A LPC vocoder processes input signals in separate signal
blocks and computes a set of filter coefficients for each
block. Since speech sounds are slowly varying in nature, the
coefficients of a block are stable in short periods (about 20
ms) [10]. In the implementation used in this study, the block
size and hop size were 30ms and 20ms, respectively. Hop
size refers to the number of samples in each window from
one frame to the next, and can be represented in terms of
time, if the sampling rate is set.

parameters on storage devices or transmits them over networks. The synthesis phase uses stored (or received) coefficients and residual errors to reconstruct the original sounds.
In reality, instead of residual errors, pitch period,
voiced/unvoiced decision bit, and gain value are calculated
and stored/transferred with prediction coefficients [1], [2].
The purpose of this study was to implement a LPC on a
TMS320C6455 (Texas Instruments) to assess the effect of
the number of coefficients on sound quality based on the
metric signal-to-noise ratio (SNR). The input includes both
human speech (male and female) and object sounds (car and
bird). The quality of synthesized sounds was evaluated using
the average SNR values for five different signal segments
from each kind of sound recording, namely, people, cars and
birds.
The remainder of this study was organized as follows:
Section II introduces basic principles of LPC. Section III
presents pitch estimation using the auto-correlation method.
Section IV shows experimental results and discusses the
effect of the number of coefficients on quality of speech
sounds. Finally, Section V summarizes the results of the
study.

Linear Predictive Coding (LPC)
In LPC, if it is assumed that the present sample of speech
is predicted by using the last P samples, the predicted sample xˆ (n ) of x (n ) can be expressed as

xˆ ( n ) = a1 x ( n − 1) + a 2 x ( n − 2) + K + a p x ( n − P )
P

= ∑ ak x(n − k )

(1)

k =1

The error between the actual sample, x (n ) , and the predict values, xˆ (n ) , can be expressed as
P

A typical LPC-based vocoder has two main tasks: to analyze the original sound and to synthesize the sound based on
parameters from the analysis phase. In the analysis phase,
the vocoder computes prediction coefficients and residual
errors of the input signals. The vocoder then saves these

ε ( n) = x ( n ) − xˆ ( n) = x ( n) − ∑ a k x ( n − k ) ,
k =1

(2)

where coefficients { a k } are calculated from the following
matrix equation [1], [11]:
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Pitch Estimation

K r ( P − 2)   a 2
O
K
K

(3)

and r (k ) is computed using autocorrelation method as follows:

r (k ) =

Pitch determination is very important for many speech
coding algorithms [2]. In the implementation for this study,
pitch was estimated using an autocorrelation method that
detects the highest value of the autocorrelation function in
the region of interest (except at τ = 0). The autocorrelation
function is given as
N −1−τ

R (τ ) =

N −1− k

∑ x( n) x( n + k ) .

(4)

x ( n) x( n + τ ) ,
∑
n=0

(7)

k =1

Here, N is the number of samples in each segment or
frame. Equation (3) is solved using the Levinson-Durbin
recursive algorithm [1], [2].
The implementation of Equation (2) is called the analysis
filter, which can be simply described using the transfer function A(z ) as shown in Figure 1 [11].

x (n)

ε (n)

A(z )

Figure 1. LPC analysis filter

The transfer function A(z ) is given by [11]:
P

A( z ) = 1 − ∑ a k z

−k

(5)

k =1

If both error sequence and prediction coefficients are
available, then the output signal, x (n ) , can be reconstructed
as follows:
P

x ( n) = xˆ ( n) + ε ( n) = ∑ a k x ( n − k ) + ε ( n)
k =1

(6)

Equation (5) can be seen as another form of Equation (2).
The implementation of Equation (5) is called the synthesis
filter which is shown below in Figure 2 [11]:

ε (n)

1 / A( z )

x(n)

Figure 2. LPC analysis and synthesis filter

x (n) and ε (n) are the original signal and residual error,
respectively.
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where τ is the lag and N is the number of speech samples in
a frame. Pitch period and its harmonics are estimated by
determining the value of the lag, τ , at which the value of
the autocorrelation value, R (τ ) , is highest.

Experimental Methods
The experiment is conducted on a TMS320C6455 DSP
board, a high-performance fixed-point DSP developed by
Texas Instruments that uses very-long-word-instruction
(VLIW) architecture. In the presented implementation, 5-to8-second recordings of human voices, cars, and birds were
used as inputs. The audio sampling rate was set to 16kHz.
Each recording was divided into blocks of 30ms. The interwindow hop size was then set to 20ms (overlap segment was
10ms). Two special features, ping-pong buffering and
Linked EDMA transfers, were used to ensure uninterrupted
audio signals and real-time schedules [12]. The evaluation
process was conducted in a quiet room with all settings and
configurations kept the same throughout the process.
Figure 3 demonstrates the original (a) and synthesized (b)
female voice signal acquired when the subject was saying
“digital signal processing.” Figure 4 shows the spectra for
the two (original and synthesized) speech signals. The synthesized speech sounds were evaluated using SNR. SNR is
defined as the ratio between the signal’s energy and the
noise’s energy in dB. The larger the SNR ratio, the better the
sound quality. The SNR is given in Equation (8) as [1]

 ∑ ( x[ n]) 2 


n
SNR = 10 log10
 ∑ ( x[ n] − y[ n]) 2  ,
n


(8)

where x[n ] and y[n ] are the amplitude of the original
speech signal, x (n) , and the synthetic version, y (n) , at
discrete time, n, respectively.
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(a) Spectrogram of the original speech

(a) Waveform of the original speech (time in seconds)

(b) Spectrogram of the synthesized speech
Figure 4. Spectrogram of a female voice saying “digital signal
processing.”

(b) Waveform of the synthesized speech (time in seconds)
Figure 3. Time waveform of a female voice saying “digital signal processing.”

Each signal was segmented into 480-sample frames
(30ms) with 320-sample overlap (20ms hop size). To assess
the quality of sound solely based on the number of coefficients, the recording environment and devices were kept the
same throughout the experimental process. All the original
sounds were sampled at 16kHz. Also, block size and hop
size were fixed at 480 samples and 320 samples, respectively. To measure the quality of the outputs, the SNR values for
speech samples was calculated from 5 different individuals
for each sex for each choice of prediction order. Each person
was asked to read the same sentence that is about 5 to 7 seconds long depending on personal reading speeds. The human
voice signals were acquired in a quiet room using a microphone. SNR values were computed from 5 to 30 LPC coefficients. The SNR results are presented in the next section.

The non-speech sounds are acquired from a free website
(freespeech.org) and are included as a separate evaluation in
this implementation. The non-speech sounds utilized were
comprised of bird and car sounds which lasted up to 50 seconds. Similar to human speech sounds, recordings of birds
and cars have been assessed for a number of LPC coefficients ranging from 5 to 30.
The Mean Opinion Score (MOS) is used as an independent measure to evaluate the synthesized sounds from all categories based on the human perception of sound quality. A
group of five people was asked to rate the quality of synthesized sounds based on a scale of 1 to 5 (1 = Bad, 2 Poor, 3 =
Fair, 4 = Good, 5 = Excellent). MOS is particularly valuable
in putting quantitative SNR values into perspective with
perceived quality of the signals. The MOS results are presented in the next section.

Results and Discussion
To quantify the quality of the synthesized signals, SNR
was used as the metric for the tested number of LPC coefficients for each of the four categories of sound signals. For
the human voice signals, the final SNR shown in Table 1
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below represents the average value of the 5 SNRs computed
from each person’s speech.
It can be seen in Table 1 and Figure 5 that the SNR values
of both male and female voice signals greatly improve when
prediction orders increase from 5 to 10. After that, SNR values increase slowly for the orders from 10 to 25. At the order
of 25, SNR values start decreasing due to the limit of processing speed. At this point, the large amount of signal input
cannot be computed in real-time and the synthesized output
suffers from increased noise. If the prediction order is increased, the quality of the synthesized sounds continues to
decrease dramatically.

5

5.3

5.7

10

6.1

6.3

15

6.3

6.4

20

6.4

6.5

25

6.5

6.5

30

5.7

5.6

7
6

Table 1. SNR values of human speech

Male

Female

5

5.5

4.9

10

6.7

5.9

15

7.1

6.2

20

7.2

6.4

25

7.2

6.5

SNR (dB)

5

Order

4

Bird
Car

3
2
1
0
5

10

15

20

25

30

Num ber of coefficients

30

6.2

5.8
Figure 6. Effect of the number of prediction orders on quality
of synthesized non-speech sounds
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SNR (dB)

6
5
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4
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3
2
1
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10

15

20

25

30

Num be r of coefficie nts

Figure 5. Effect of the number of prediction orders on quality
of synthesized speech sounds

The non-speech sounds are also evaluated in this implementation. Similar to speech sounds, recordings of birds and
cars were assessed for prediction orders ranging from 5 to
30. The results are shown in Table 2 and Figure 6.
Table 2. SNR values of non-speech sounds

Order

14

Bird

Although non-speech sounds cover a wider range of frequency compared to speech sounds, the results were similar.
The SNR values rapidly improve for orders from 5 to 10,
slowly increase with orders from 10 to 25, and start decreasing with orders greater than 25.
With both speech and non-speech sounds, the synthesized
outputs were degraded at a prediction order of 25, due to the
processing speed of the processor. Since the implementation
optimization also affects the performance, the order threshold can be increased with another implementation that is
more optimized; however, the order of 10 is usually chosen
since there is not significant improvement in sound quality
for orders greater than 10 [1], [7], [10].
If the processing speed is not a constraint, it is obvious
that an increase of the LPC order will improve the quality of
the synthesized speech, but at the cost of increased bandwidth. In this case, bandwidth and processing speed limitations of the TMS320C66455 sets a very important quality
threshold. This threshold, however, does not have much of
an effect on the results, since the improvement in the synthesized speech quality is insignificant for the number of coefficients greater than 15 (analogous to the law of diminishing

Car
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returns). This is shown in the experimental results for both
speech and non-speech sounds in Figures 5 and 6.
The Mean Opinion Score is also used to evaluate the synthesized sounds. Table 3 and Figure 7 show the average
MOS values for female, male, bird, and car sounds.
Table 3. Mean Opinion Score for synthesized sounds

Order

Female

Male

Bird

Car

5

1

1

1

1

10

3

2

2

2

15

4

3

3

3

20

4

3

4

3

25

4

3

4

2

30

3

2

2

1

mentation is suitable for differentiating among sounds from
different categories such as male voice, female voice, bird,
and vehicle, but may not be sufficient to perform more stringent identification such as voice recognition, and bird or
vehicle type. LPC is suitable for application areas that require limited bandwidths.

Conclusion

The MOS values display some differences from the SNR
values above. For example, the perceived quality of synthesized human sounds does not improve when the number of
coefficients increases from 15 to 25 for either female or
male voice signals, although such improvement, though
small, is apparent in SNR values. The perceived quality of
synthesized car and bird sounds also follow slightly different
trends when compared with the SNR results. However, the
human-perceived quality of all synthesized sounds starts
decreasing from the order of 25 to 30, in line with SNR results. The MOS values above support the use of 15 coefficients for the real-time implementation presented here.

In this study, an LPC vocoder for TMS320C6455 DSP
was implemented. The experimental results for both human
speech (male and female) and object sounds (car and bird)
show that the number of coefficients greatly impacts the
quality of both speech and non-speech sounds. Using SNR
value as the quality metric, in this implementation, the quality of synthesized sounds starts degrading at the prediction
order of 25; however, this threshold value may vary depending on the quality of the original input sound, the optimization level of the LPC implementation, and processing speed
of the DSP processor. Although an order of 10 is used in
typical real-time applications, in this implementation, based
on the metrics SNR and MOS for these experimental results,
an order of 15 coefficients were suitable for male, female,
bird and car sound synthesis. This implementation satisfies
low-bandwidth applications such as basic environmental
monitoring to detect the presence or absence of sound and its
main category.
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LASER-ASSISTED UNCALIBRATED VISION GUIDED
ROBOTIC DE-PALLETIZING
Biao Zhang, Corporate Research Center ABB Inc.; Steven B. Skaar, University of Notre Dame

Abstract
In the paper-container industry, bag stacking and unstacking is labor-intensive work. It is hard for companies to
find enough people to fill these positions. Also, the repetitive
stack and un-stack work can easily cause back and waist
injuries. Therefore, a robotic de-palletizing system is highly
desirable. Guiding a robot tool reliably and robustly in order
to insert into the gap in the bag stack to pick up a layer of
bags without disturbing the stack is highly challenging due
to the variation of the gap-center position and gap size under
varying pressure depending upon the number of layers above
it, the so-called “variable crunch” factor. In this study, a
method combining an uncalibrated vision and 3D laserassisted image analysis based on camera-space manipulation
(CSM) was developed. The prototype demonstrated reliable
gap insertion in the de-palletizing process and was made
ready for installation on a factory floor at the Smurfit-Stone
Container Corporation.

One automated robotic de-palletizing system would save
six human stackers in each paper bag production line in a
three-shift operation. The initial investment for installation is
recovered in one year. The robotic de-palletizing task is
more challenge than is the palletizing work and only could
be done, previously, by a human worker by inserting fingers
into the gap (hole) formed by the stacking pattern on the
stack and taking off each group of bags layer by layer. Figure 2 shows the gaps.

Introduction
In the paper-container industry, at the end of each stage of
the production line, paper bags are stacked layer by layer
according to a specific pattern, as shown in Figure 1, for
storing and transporting. Eventually, the stack of bags needs
to be un-stacked layer by layer and fed into a machine for
the next procedure in fabrication, or to be packed into a box.
This is very labor-intensive work and it is hard for companies to find enough people to fill these positions. Also, the
repetitive stack and un-stack work can easily cause back and
waist injury. For these reasons this robotic palletizing and
de-palletizing system was developed.

Figure 2. Gaps on Paper Bags Stack

A robotic de-palletizing system is required, as depicted in
Figure 3, to insert a tool into the gap on the stack. Then this
portion of bags is lifted up against a press board on the endeffector.

Figure 3. Gap Insertion

Figure 1. Pattern of Bag Stacking
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The key problem for a robotic de-palletizer is how to reliably and robustly achieve gap-center insertion of the mechanical finger without touching or disturbing the stack.
Limited by the thickness and size of bags, there is only a
small tolerance for engagement-positioning error. The existing teach/repeat way to use robots cannot solve the problem
in this bag de-palletizing application because the elevation
of the gap-center position and gap size is variable due to
varying pressures depending upon the number of layers
above it, the so-called “variable crunch” factor. Also, after
storage and transportation, the stack might rotate slightly
relative to the pallet. All of these variations make it impossible to teach the robot every gap-center position and orientation in advance and just repeat the same action to un-stack
the bags. Every gap should be located by the robotic system
individually. Therefore, only a sensor-guided robotic system
can achieve this task.

mation model must be calibrated to within whatever degree
or extent of precision the maneuvers demand.

Camera-Space Manipulation (CSM)
Figure 4. Coordinate Frames of a Typical Vision System

Calibration and visual servoing are two mainstream methods of vision-guided robotics. Calibration builds a global
geometric characterization of the mapping between each
camera’s image space and 3D space in a pre-selected world
coordinate system as well as the mapping between the 3D
space and the robot coordinate systems[1],[2]. Calibration
relies entirely on an accurate camera model and a robot kinematics model to deliver accurate positioning results. Any
error at any stage of such a system will contribute to a final
positioning error. Also, in the real world, the noise in an
image or a slight shift, for example temperature-induced, of
the parameters in camera or robot will corrupt the whole
elaborate global model. Visual servoing takes a closed-loop
control approach to drive the positioning error in the image
toward zero [3]. One of the biggest drawbacks in visual servoing is that one needs to access the terminal error between
the current pose and target pose in order to adjust the endeffector to close in toward the target. In some applications
this would be impossible, such as where visual access becomes obscured or where the target gets occluded from a
camera as the system nears the target. The method of camera-space manipulation (CSM) emerged in the mid-1980s
and developed over the past 20 years as a way to achieve
both robustness and precision in visually guided manipulation without the need to acquire and sustain precise calibration of cameras and manipulator kinematics, as required by
calibration-based methods [4]. Additionally, CSM avoids the
visual-servoing requirements for very fast, real-time image
processing and for visual access to image-plane errors
through to maneuver closure. Figure 4 shows the Coordinate
Frames of a typical system for visual guidance of a robot.
With calibration, the relationships among all of these frames
must be established and the parameters in each transfor-
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In contrast, CSM uses six parameters to locally identify
the mapping relationship between the internal—and directly
controllable—robot-joint rotations within the relative workspace and the local 2D camera-space [5]. As indicated in
Figure 5, the physical 3D points, which scatter around a local origin (flattening point), are projected onto the 2D image-plane, with Xc-Yc, as “camera-space coordinates”.
These physical 3D points are designated with respect to a
local frame, ∆x-∆y-∆z, the axes of which are nominally parallel to the robot’s world frame and the origin of which is
close to the 3D points within a model-asymptotic-limit region. The frame denoted by x-y-z is the robot frame, the
coordinate frame attached to the robot base. The frame X-YZ is the camera-fixed frame, and the Z axis is aligned with
the optical axis of the camera. The X and Y axes are parallel
to the axes of the 2D image frame, Xc-Yc, and the origin is
on the system’s equivalent focal point.

Figure 5. Coordinate Frames of Camera-Space Manipulation
Vision System
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This local mapping relationship is described by equations
(1) and (2), which correspond to the assumption of an orthographic camera model

△
△

△
△

ples of junctures on the robot end-effector, so that they become more consistent with the orthographic model given by
equations (1), (2).

△
△

Xc= A11* x+A12* y+A13* z+A14
(1)
Yc= A21* x+A22* y+A23* z+A24
(2)
where Xc, Yc represent the 2D image frame and ∆x, ∆y, ∆z
represent the local frame ∆x-∆y-∆z, with origin on the focal
axis and where A11 through A24 are groups of nonlinear
expressions dependent upon the six view parameters, C1,
C2, …, C6, as follows:
A11= C12+C22-C32-C42
A12= 2(C2C3+C1C4)
A13= 2(C2C4-C1C3)
A14= C5
A21= 2(C2C3-C1C4)
A22= C12-C22+C32-C42
A23= 2(C3C4+C1C2)
A24= C6

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

The first four parameters, C1-C4, are proportional to four
Euler parameters used to characterize a relative orientation
between the camera frame, where the camera-space target
coordinates are based, and the nominal World-frame. The
last two parameters, C5 and C6, define the nominal location,
in camera-space, of the origin of the local frame.
The view parameters establish a local relationship (camera-space kinematics) between the internal robot joint rotations and the camera-space location of any point on the manipulated body. Together with laser-spot-based assessment
of the maneuver objective in each camera space, the cameraspace-kinematics relationships permit precise calculation of
the 3D coordinates of target points in the nominal Worldframe [6]. The nominal World-frame is a small, gradually
shifting translation and rotation of the actual World-frame
because of the local differences between the nominal forward kinematics and real forward kinematics of the robot.
Also, the system can calculate the joint rotations required for
the robot to position given junctures on its end member onto
target points in the nominal World-frame. It is important that
view parameters of the orthographic camera model are only
valid within the asymptotic-limit region, which refers to the
region both in physical space and joint space. This means
two things: that an adequate number of end-member samples
for estimating the view parameters should be acquired within the asymptotic-limit region, and the target point should be
within the same asymptotic-limit region for high-precision
positioning. In order to enlarge the asymptotic-limit region,
a flattening procedure was used [7]. The flattening procedure
is based on a presumption of a pinhole projection of physical
points onto the 2D image plane, as depicted in Figure 6. This
procedure consists of modifying the raw camera-space sam-

Figure 6. Projection According to the Pinhole Camera Model

The X coordinate of an ith raw camera-space sample of a
particular juncture on the robot end-effector is Xci. The flattened sample is determined by

X ci × Z i
Zo

(11)
which is based on the assumption of a pinhole or perspective
lens model, where Zi represents the location of the sample
along the optical axis of the camera, and Zo is the location of
the origin of the local frame, ∆x-∆y-∆z, with respect to the
camera frame. The Y coordinate of the ith raw camera-space
sample, Yci, is determined by

Yci × Z i
Zo

(12)
With the use of a weighting scheme on sample data, one
which gives more emphasis to the sample close to the target
point when estimates of the view parameters are updated,
enlarging the asymptotic-limit region not only helps include
more sample data, but also reduces the error of noise in
sample data propagated into the positioning.
After the camera-space kinematics are established for each
camera in the CSM vision system, one gets separate cameraspecific expressions for equations (1) and (2). With at least 2
cameras and corresponding camera-space coordinates of the
target, the target 3D coordinates in the nominal World-frame
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can be estimated. With more than 2 cameras, the accuracy of
estimation will be improved because of the geometric advantage of any new viewpoint combined with the averaging
effect. The estimation procedure is as follows:
1. Choose an origin of the local frame, the closer to the target, the better.
2. Compute [C1, C2… C6] for each camera using samples
flattened about this local frame’s origin.
3. Estimate the relative position of the target point with respect to the local frame by solving the non-linear equations
(1) and (2).
4. Shift the origin of the local frame to the newly estimated
target position.
5. Repeat steps 2 through 4 until the shift of the target location changes very little between corrective iterations.

1. Turn on the laser pointer to highlight the juncture of interest on the object surface with a laser spot. Acquire the image
of the object surface with the selection camera.
2. Turn off the laser pointer and acquire the image of the
object surface with the camera.
3. Take the image difference between these two images to
make only the laser spot stand out.
4. Apply a “mask”, as indicated in Figure 7, in order to condition the differenced image, replacing all pixel values except those in the rightmost, leftmost, uppermost, and lowermost three columns/rows with a new value calculated based
upon the mask formulation. The pixel with the largest value
in this result is detected as the center of the laser spot from
the differenced image.

Given nominal World-frame coordinates of a target, the
process of finding the camera-space coordinates is to choose
the target as the origin of the local frame, then compute [C1,
C2… C6] for each camera. C5 and C6 become Xc and Yc
for the camera-space coordinates of the target point.

3D Laser-Assisted Image Analysis
The difficulties and limitations of two-dimensional image
analysis are a primary obstacle for applying vision-guided
robot technology in the real world. Though robots may have
the dexterity and steadiness to do any given, repetitive job
better than a human in many respects, if the image analysis
cannot deliver reliable, precise and robust target visualization information to the robot, even a simple task such as
picking up a box will not be possible.
These issues led to the development of a new image analysis in three-dimensions using an approach that complements CSM technology [8]. The target information from the
3D image analysis is independent of changes in illumination
or the material properties of the object surface and only relates to the geometric characteristics of the object surface.
Another important advantage of doing image analysis in
three-dimensional space is that it directly uses prior
knowledge of three-dimensional geometric characteristics of
the object’s surface, which are partially lost after the 3D
object is projected onto a 2D image plane. This 3D information, for example from a CAD file, would facilitate reliability and robustness, and enhance the utility of results
gained from 3D image analysis.
For detecting the location of the center of the laser spot in
each camera space, the laser-spot identification procedure is
as follows [6]:
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Figure 7. Applying a Mask to Each Pixel Provides Data Regarding Its Value as well as Surrounding Pixel Values

This laser-spot-identification procedure reliably and robustly establishes the camera space targets under the various
illumination, color and texture conditions of the object surface. Laser spots are a powerful tool to help access the visual
information of selected junctures of the object surface. And
with CSM, the laser spots can be utilized to characterize the
object surface prior to being addressed by the robot.
The first step is to acquire and estimate the 3D positions,
relative to the nominal World-frame, of laser-spot centers
cast onto an object surface. Because of the advantage of
CSM, the 3D shape-measurement approach and the ambientillumination independence of using laser-spot identification,
the 3D data on an object surface are acquired by casting the
multiple laser spots onto the surface and identifying or
matching these spots among images from each camera, as
shown in Figure 8 [9]. Then, the laser-spot 3D coordinates in
the nominal World-frame are estimated.
These data provide the geometric information of the surface addressed by the robot. This means the robot can position given junctures on its end member at any required place
on this surface with high precision.
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Figure 8. Multiple Laser Spots Casted on Object Surface
(Views from Three Cameras)

The second step is to characterize the geometry of the surface based on 3D-coordinate data of the surface points. Because the laser-spot-array direction can be shifted slightly
using the pan/tilt unit to cast down new surface spots, allowing for accumulation of a virtually unlimited density of
points on the surface region of interest, the characterization
also takes advantage of the effect of averaging to filter out
image discretization and other noise. This characterization is
applied either to a previously known model of the object’s
surface geometry or to a quadratic or other polynomial geometry in order to approximate segmented portions of an
unknown surface.
The third step is to analyze the characterized 3D surface to
identify the feature of interest for robot positioning or otherwise determine how to operate the robot. Consider, for
example, the box-engagement task. After the 3D coordinates
of points on three indicated surfaces of the box are estimated, a plane is fitted to the top, front and side surfaces, as
depicted in Figure 9. These three surfaces intersect to form
edges and the corner of the box as the data is extrapolated.
Preferred weight is given to spots near the corner. This
stands in contrast with the traditional means of identifying
edges directly in 2D images.

independent of variations in illumination and reflective
properties of various materials because the edges are the
intersection of surfaces and the surfaces are fitted from the
laser-spot data, which are independent of lighting conditions.
This makes the vision-guided robot run reliably and robustly
under real-world illumination conditions, which is generally
not achieved using traditional 2D-image edge detection.
Second, the detected edge is more precise, because the intersections of fitted surfaces represent the geometric aspects of
interest of the physical object. Frayed or damaged edges
would not affect these plane intersections. Third, the edgedetection results directly represent the 3D geometric characteristics of the physical object. Prior knowledge of an object’s geometry can be utilized to falsify the edge detection
results. For example, the three edges of a cuboid-shaped box
should be physically perpendicular to each other. By checking angles among three detected edges, one can diagnose an
incorrect result. This diagnosis makes the system robust.
Moreover, the geometric characteristics can be treated as
constraints in surface characterization to reduce the number
of parameters needed to be fitted into a surface model. A
smaller number of parameters of the model needed to be
fitted results in less sensitivity to noise in the data and,
thereby, reduces the required quantity of data.

Implementation
Figure 10 shows the overview of a vision-guided depalletizing demonstration system. Three ceiling cameras
view the gaps together with three near-planar surfaces of the
stack. One single laser pointer and one multiple laser pointer
are mounted on the pan/tilt unit. A six-axis robot is controlled by a computer based on the visual information acquired from the cameras.

Figure 9. Three surfaces meeting

There are three advantages of edge detection based on 3D
image analysis. First, the edge-identification procedure is

Figure 10. Vision Guided De-palletizing System Overview
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The configuration of the fixed cameras is selected due to
the cycle-time requirement of the de-palletizing system for
keeping pace with paper-bag production lines. Compared to
the eye-on-hand configuration, fixed cameras can acquire
images while the robot is placing the bags into the feeder of
the paper-bag production line. Also, this configuration
avoids the problem of the robot blocking the laser projection
in the eye-on-hand configuration, which really simplifies the
robot path planning and task sequencing.

as. Then, 3D coordinates of the centers are estimated in the
nominal-World-frame coordinates.

The vision-guided software written in C++ runs on a PC.
It reads and writes the robot joint coordinates into the robot
controller through the serial port. The pan/tilt unit is controlled by the PC C++ program through an Ethernet port.
The image is acquired from cameras through a DT3150
frame grabber. An overall diagram of the system is shown in
Figure 11.

Figure 12. Center of Detected Multiple Laser Spots on Three
Surfaces of Bag Stack

Step 2: The laser spots close to the right upper corner of
stack are used to fit three perpendicular planes for intersecting in order to find the edges and corner, as shown in Figure
13.

Figure 11. Overall Diagram of the System

Reliable and robust gap-center location and orientation is
critical. Traditional 2D image analysis to extract the gap
center would be ineffective under varying illumination and
given the complex coloration of bags that typify the company’s product. Only the laser-spot-assisted 3D image analysis
can extract the reliable gap target for the robot. The procedure includes these steps.
Step 1: Figure 12 shows the center, which ise superimposed
on the image with laser projection off, of detected multiple
laser spots cast onto the top, front and side surfaces of the
stack. Spot centers are detected and matched among camer-
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Figure 13. Edges and corner of the bags stack

Step 3: With the 3D coordinates of the corner in the nominal
World-frame, and a known size and thickness of the bags,
the center of whichever gap is closest to the corner is roughly estimated in the 3D nominal World-frame, as shown in
Figure 14.
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Figure 16. The Robot Inserted the Tool Into the Gap and Pick
Up the Bags

Conclusions

Figure 14. Rough Estimation of the Location of the Gap

Step 4: Analysis of the distribution of spots on the front surface in the 3D nominal World-frame, which represents the
geometric characteristics of the front surface and gap, will
also identify the gap center. As illustrated in Figure 15, the
spots on the bottom can be identified by the distance between them and spots falling on the front surface. Therefore,
fitting the front plane of the stack with the spots around the
gap and checking the distance of spots to the plane can identify the bottom-gap spots. Also, the front plane provides the
orientation of gap insertion. With knowledge of the gap size,
the elevation of the gap center is estimated. Investigating the
pattern, and particularly the absence, of laser spots allows
the system to verify the gap center and identify its size in 3D
nominal World-frame. This use of a redundant gap-center
position and orientation determination provides reliable and
robust targeting to insert the metal finger into the gap and
grasp the bags.

The prototype for the de-palletizing system developed in
this study demonstrated reliable gap insertion in an unstacking process. It showcased a unique advantage, the robustness of the laser-spot-assisted 3D image analysis with
CSM. It also demonstrated the flexibility of the new method
to guide the robot to perform the less complex 2.5 D tasks. It
is ready to be transferred to a factory floor to un-stack various types of bags, which have different color, material, size,
etc, under a variable ambient lighting environment on the
floor and vibration on the ceiling, where the vision system is
mounted. This method can also be used in similar depalletizing applications.
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STATE AGENCIES’ STATUS OF
WARM MIX ASPHALT TECHNOLOGIES: A REVIEW
Sofia M. Vidalis, Penn State University-Harrisburg; Rajarajan Subramanian, Maryland Department of Transportation

Abstract
Warm Mix Asphalt technology has recently been on the
rise among European countries and the United States. It is
gaining popularity because it has multifold advantages over
the conventional Hot Mix Asphalt. Warm Mix Asphalt is
produced by mixing additives and using new technologies
such as Warm Asphalt Mix Foam, Aspha-Min or Advera
Zeolite, Low Energy Asphalt, Double Barrel Green, or Sasobit Wax to the asphalt mixture to reduce the viscosity and
take the benefits of low temperatures at the production level,
and the advantages of placement levels. Temperatures can be
reduced by as much as 30%, which allows for lower CO2
emissions and fumes, lower fuel consumption, effortless
compaction on stiff mixes, better workability, long overhaul
distances and a longer paving season for the asphalt mixture.
However, the major driving force behind today’s Warm Mix
Asphalt technology is emissions reductions, especially in
large metropolitan areas with tight air-quality restrictions.
Drastic reductions in mixing and placing temperatures
have the obvious benefits of cutting fuel consumption and
decreasing the production of greenhouse gases. This study
evaluated the current practices in Warm Mix Asphalt technologies from State Highway Agencies through a review of
the literature and a survey that was sent out to all State
Highway Agencies. The questionnaire evaluated the advantages and disadvantages in using the Warm Mix Asphalt
mixture over the conventional Hot Mix Asphalt or Cold
Weather Paving and their current practices. The major findings in this study showed that the Warm Mix Asphalt is going to make the future asphalt roads of America.

Review of Warm-Mix Technologies
New asphalt pavement technologies have been looked at
recently in the U.S. because of increasing highway congestion, decreasing availability of materials, increasing costs in
the economy, increasing environmental awareness, and a
maturing infrastructure. Congestion has been increasing every year. From 1980 to 1999, there was an increase in road
miles by 1.5%, vehicle miles by 76%, and 482,000,000
hours of delays each year in the United States alone. This
means that by the year 2020, the United States will see double that if new technologies are not adopted. As the cost of
crude oil increases, so does the cost of asphalt binder and,
hence, the costs associated with asphalt pavement. Asphalt

pavement uses a waste product of oil refining, which peaked
in price in the summer of 2008, around the time gasoline
prices reached four dollars per gallon in the United States.
Since the increase of asphalt prices, it is now closer to the
cost of concrete, approximately a $20/ton (€14.72/metric
ton) difference. Concrete is sometimes preferred over asphalt because of not having a big difference in price and the
fact that it lasts twice as long [1].
Natural aggregates are widely distributed throughout the
United States and occur in a variety of geologic environments; however, they are not universally available. Some
areas lack quality aggregates, or existing aggregate deposits
cannot be mined for a multitude of reasons such as pits or
quarries that are located near populated cities. These residential communities usually require that mining of aggregates
be conducted far from their boundaries. Thus, competing
land-use plans, zoning requirements, and various regulations
frequently prohibit extraction of aggregates near populated
areas. However, the areas that have quality aggregates are
going fast because of their demand. And as it goes, the higher the demand, the more costly the material. Because the
demand for aggregates will continue to grow in the future,
provisions to assure adequate supplies will have to be made.
Therefore, the production of reclaimed asphalt pavement
removed, and/or reprocessed pavement materials containing
asphalt and aggregates, have been increasing in recent years.
Replaced and reconstructed old roads have become major
sources of "recyclable materials." In some applications, recycled aggregate can compete with natural aggregates on
price and quality. The increasing limitations imposed on the
use of landfills, as well as the higher costs imposed on their
use, are making the recycling of aggregates economically
viable. It also saves money, resources, and landfill space.
Increased public awareness of climate change and shifting
political attitudes within the United States may lead to federal regulations on the emissions of greenhouse gases, such as
carbon dioxide (CO2). The transportation sector represents
27% of the total U.S. GHG emissions, with passenger cars
and light-duty trucks accounting for 17% of the total. The
production and placement of asphalt pavements consumes
less fuel and produces lower levels of greenhouse gases
compared to automobiles, according to a recent study. Asphalt pavements require about 20% less energy to produce
and construct than other pavements. This means that less
fuel consumption equals less production of carbon dioxide
and other greenhouse gases. However, this does not mean
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that it does not emit any greenhouse gases. Even though it
emits less gas, lowering the temperatures by 50ºF (27ºC) or
more would save fuel and reduce the production of greenhouse gases and other emissions even further [2]. Total
emissions from asphalt plants, including greenhouse gases
and fumes, would be reduced by decreasing the temperature
of asphalt production and placement. This technology and
the reduction in fuel usage to produce the mix would have a
significant impact on transportation construction projects in
and around non-attainment areas such as large metropolitan
areas that have air-quality restrictions.
Because of all these factors, recent research of new technologies has focused on Warm Mix Asphalt (WMA). Studies have shown that WMA processes can lower the temperatures at which the material is mixed and placed on the road
by 50ºF to 100ºF (27ºC to 56ºC) compared to the conventional hot mix asphalt [2]. Such drastic reductions can cut
fuel consumption, decrease the production of greenhouse
gases, drastically reduce the production of emissions, and
decrease the use of new aggregate materials being used. This
paper evaluates the current practices in Warm Mix Asphalt
technology through case studies done in Europe, South Africa, Asia, and the United States. A questionnaire was sent
out to all State Highway Agencies to also evaluate their experiences using WMA and the type of technologies they
found more useful. The advantages and disadvantages of
using Warm Mix Asphalt instead of the conventional Hot
Mix Asphalt or Cold Weather Paving was found through the
State Highway Agencies’ responses. There are many advantages and factors driving the development and implementation of WMA technologies globally. In order for WMA to
succeed in the United States, WMA projects must have
equal or better performance when compared to traditional
HMA pavements in the U.S.

International and National Practices
Warm Mix Asphalt was first developed and used in Europe through four distinct technologies: Aspha-Min®, WAM
Foam®, Sasobit® and Asphaltan B®. Aspha-Min®, also
known as Zeolite, is a synthetic that is added at the plant at
the same time as the binder during mixing. This binder decreases the viscosity of the binder and increases the workability of the mix. WAM Foam® is a two-component system
that introduces a soft binder and hard foamed binder at different stages during plant production. Sasobit® and Asphaltan B® are organic-additive compounds such as small crystalline paraffin wax or low-molecular-weight-esterified wax.
After the hype in Europe, WMA first came to the United
States in 2002. It wasn’t until 2004 that the first warm-mix
section tests were built in the U.S. The Aspha-Min and Sasobit products have been used, as well as a fourth technology
called Evotherm™. MeadWestvaco Asphalt Innovations, of
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Charleston, South Carolina, developed Evotherm, a nonproprietary technology, especially for WMA. This chemical
package includes a dispersed asphalt (emulsion) technology
that improves coating, workability and adhesion. No plant
modifications were required for using Evotherm in the
WMA. Improvements in the compactability of WMA mixes
can facilitate an extension of the paving season and allow
longer-haul distances. Welfare of workers was also considered, particularly with gussasphalt or mastic asphalt, which
is produced at much higher temperatures than HMA [3].
Since 1997, over 142 projects were paved using Sasobit®
totaling more than 2,716,254 square yards (2,271,499 m2) of
pavement. Projects were constructed in Austria, Belgium,
China, Czech Republic, Denmark, France, Germany, Hungary, Italy, Macau, Malaysia, Netherlands, New Zealand,
Norway, Russia, Slovenia, South Africa, Sweden, Switzerland, the United Kingdom, and the United States. The projects included a wide range of aggregate types and mix
types, including: dense graded mixes, stone mastic asphalt
and Gussaphalt. Sasobit® addition rates ranged from 0.8 to
four percent by mass of binder [4].
The first Evotherm construction project was conducted in
South Africa in November, 2003. A liquid additive system
was designed to integrate with existing plant equipment and
materials called Evotherm which produces quality asphalt
pavements at temperatures up to 100°F (55°C) lower than
conventional hot mix asphalt. Another benefit is that
Evotherm requires no equipment changes at the plant or
job-site. The Evotherm mixes use the same aggregates, volumetrics and binder content as conventional HMA. Through
research studies, Evotherm performance on highways has
been proven in over 100 projects in 19 states in the U.S., as
well as France, Spain, Canada, South Africa, Mexico and
China. Accelerated testing results at the United States National Center for Asphalt Technology’s Pavement Test Track
showed that Evotherm pavements can stand up to the equivalent of more than 10 years of heavy truck traffic, performing exceptionally well with virtually no deformation.
Evotherm sections have endured over 8 million ESALs with
less than 0.15 inches (3.4 mm) of rutting [5].
According to Dr. Heinrich Els of DAV (German Asphalt
Pavement Association) Bonn, Germany, the low-temperature
asphalt mixes, with an emphasis on the use of organic additives, are used. Several methods for bringing down the mix
temperatures are being developed in Germany. They include
a method for adding aggregates in sequence, a two-phase
bitumen mixing method and adding both organic and mineral additives. The two types of organic additives are synthetic paraffin waxes and low-molecular-weight ester compounds. The paraffins are long-chained aliphatic hydrocarbons derived from coal gasification using the Fischer-
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Tropsch process. The ester additives consist mainly of esters
from fat acids and wax alcohols and are produced by toluene
extraction of brown coal. These additives increase viscosity
and penetration of the bitumen at low temperatures. These
additives have been researched in the lab and in the field for
about five years. The performance goals for low-temperature
mixes include having the same (or better) resistance to fatigue and deformation, and comparable workability at the
paving site. Field experience with Stone Matrix Asphalt has
shown that compaction can begin between 215°F and 250°F
(102°C and 121°C) [6].
Max von Devivere of Eurovia Services GmbH in Bottrop,
Germany, discussed using a synthetic Zeolite that Eurovia
has trade-named Aspha-min. He said that, in Germany, asphalt mixes are typically produced between 302°F and
482°F (150°C and 250°). With Aspha-min, production and
placement temperatures can be reduced dramatically, to between 266°F and 293°F (130°C and 145°C). Zeolites—
crystalline hydrated aluminum silicates—release water at
different rates. In tests conducted by Eurovia, lowering the
mix production temperature by 55°F (29ºC) reduced energy
consumption by about 30%. It also reduced the production
of asphalt fume by 75%. Measurements at the paving site,
where the material had cooled even further, showed a 90%
reduction in fume. Significant reductions in odor were also
documented, said von Devivere. At least eight test sections
have been constructed, and no difference in performance has
been seen. Eurovia expects to build a 50,000 ton (45,359
metric ton) test section on the German motorway this spring.
Shell Global Solutions in Petit Couronne, France, and KoloVeidekke ASA in Oslo, Norway, teamed up for the use of
the WAM-Foam process in Asphalt Road Construction.
WAM-Foam is the product of a joint venture between Shell
and Kolo-Veidekke, which began in 1995. European companies are required to keep “accounts” of their CO2 emissions. In addition, “green purchases” are required—that is, at
an equal price, the most environmentally friendly solution
must be chosen [7].
In the U.S., there have been over 200 WMA projects
and/or test sections of pavement. Almost all states are researching and experimenting with WMA. A questionnaire
was sent out to all of the State Highway Agency’s in the
United States to find out their experiences in using WMA in
their projects and the advantages and disadvantages they
faced. Out of the 50 states only 20 responded, with the majority having some or a lot of experience with WMA. Alabama, California, Florida, Idaho, Indiana, Iowa, Maine,
Ohio, Pennsylvania, Texas, Virginia, and Washington have
already begun actively adopting warm mix into their asphalt
specification provisions [8]. Other states that have been using WMA for three years or more are Ohio and New York.
Tables 1 and 2 show all the State Highway Agency’s that

participated in the survey. Since construction practices with
WMA are not greatly different from those for HMA, the
questionnaire focused more on their experiences in using
WMA, the technology used, benefits, drawbacks, and any
cost associated with the adoption of WMA technologies.
There are a lot of factors considered in WMA such as temperature, haul distance, weather conditions, fuel consumption, environment, emissions, additives, viscosity, thickness,
strength, and compaction. One of the questions on the survey
was to rank the importance, from one to three (three being
most important), of each factor in regards to cost savings.
The State Agencies that did not have enough experience
with WMA replied “not available” (NA). Temperature, fuel
consumption, and compaction were found to be the top three
factors that play a major role in cost savings.

Table 1. State Agencies’ Responses in Regards to WMA Cost
Savings
State

(A)

(B)

(C)

(D)

(E)

AK

3

3

2

3

2
NA

AZ

NA

NA

NA

NA

CA

3

3

3

2

2

FL

2

2

2

3

3

GA

2

2

2

2

NA

IO

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

KY

3

1

1

3

2

LA

2

2

2

2

2

MI

NA

NA

NA

NA

NA

MN

2

2

2

2

2

MO

3

3

3

3

1

NC
NY

3
2
2
3
2
Too many unknowns, variables, and interdependencies to fill in.

OH

2

3

1

3

2

OR

2

2

2

2

2

PA

2

2

2.5

2.5

2

SD

NA

NA

NA

NA

NA

UT

2

2

2

2

2

VA

3

3

2

3

2

Ave.

2.43

2.29

2.04

2.54

2.00

A= Temperature, B= Haul Distance, C= Weather Conditions, D=Fuel Consumption, E=Environment
Ranking: 3 = Most Important, 2= Important, 1= Least Important
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Table 2. State Agencies’ Responses in Regards to WMA Cost
Savings (Continued)
State

(F)

(G)

(H)

(I)

(J)

(K)

AK

2

2

2

1

2

3

AZ

NA

NA

NA

NA

NA

NA

CA

3

2

NA

NA

2

3

FL

3

2

3

1

2

2

GA

3

1

2

1

2

2

IO

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

KY

2

3

NA

NA

NA

1

LA

2

1

3

2

3

3

MI

NA

NA

NA

NA

NA

NA

MN

2

2

2

2

3

3

MO

2

3

2

3

2

3

NC

2

3

3

2

2

3

NY

Too many unknowns, variables, and interdependencies to fill in.

OH

2

3

1

3

1

2

OR

2

2

2

2

3

3

PA

2

2

2

2.5

2.5

3

SD

NA

NA

NA

NA

NA

NA

UT

2

2

2

2

2

2

VA

3

3

2

2

2

2

Ave.

2.29

2.21

2.17

1.96

2.19

2.5

F=Emissions, G=Additives, H=Viscosity, I=Thickness, J=Strength,
K=Compaction
Ranking: 3 = Most Important, 2= Important, 1= Least Important

WMA uses technological advances that reduce the temperature needed to produce and compact asphalt for constructing
highway pavements. This offers the reduction of construction costs by lowering the amount of energy used, improving
efficiency, decreasing air emissions, and providing a healthier work environment. Tables 3-5 show the advantages and
disadvantages from the survey that each State Agency experienced using WMA.
Some disadvantages that CalTrans found through the three
years of working with WMA were the following:
• Warm mix stays tender longer
• The roller operators need some adjustment to the feel of
the product
• HMA may rut slightly if traffic is opened too early

• Specifications allows traffic on the hot mat at a surface
temperature of 160°F (71°C) but should actually wait
for the surface temperature to fall to 140°F (60°C ) instead.
New York State Department of Transportation
(NYSDOT) has been using WMA for five years and has
placed over 50,000 tons (45,359 metric tons) of WMA on
projects. NYSDOT stated that that one might expect a price
reduction in the future as the quantity of placing WMA will
increase. The benefits were seen as the same from all other
previous case studies stated on the environment and engineering aspects. However, the NYSDOT has not yet seen
any disadvantages of using WMA. These are very similar
findings that we saw throughout the questionnaire about the
potential benefits and disadvantages of using WMA. The
states that have not used WMA heavily or that are trying the
technology but have not fully implemented it for widespread
use, are prompting local asphalt mix producers to research
the most cost-effective method of production and also to
modify their plants.

WMA Advantages and Challenges
There are many advantages to using WMA compared to
HMA or Cold Mix Asphalt (CMA). By lowering the viscosity of the asphalt binder at a given temperature, the WMA
technology allows the mixing, transporting and laying down
of asphalt mixtures at reduced temperatures ranging from
30ºF to 100ºF (16ºC to 56ºC) lower than the traditional
methods, depending on the WMA process used. Along with
lower mix temperatures, WMA offers several additional
benefits. These benefits include: lowered emissions from the
burning of fossil fuels, lower fumes and odor generation
(both at the plant and the jobsite), reduction in emissions
such as CO2 and greenhouse gasses, allows longer hauling
distances, use of RAP, easier lay down and compaction operations, and corresponding savings to dry and heat the aggregate. By reducing the difference between compaction
temperature and ambient air temperature, this would also
allow laying at lower ambient temperatures and extension of
the laying season. In this case, WMA can take over HMA
and CMA on the job site [9].
All asphalt plants must obtain an air permit from the Division of Air Quality in the U.S., which abides by state and
federal air-quality regulations. Studies have shown that
WMA fuel savings can range from 10 to 30% compared to
the conventional HMA pavement. Its lower temperatures
reduce plant emissions. Just by reducing the temperature in
the asphalt plant, quality limits can also change. Today, the
emissions include [9]:
• Limiting production rates
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• Limiting hours of operation or decrease time
• Constructing taller emissions stacks
• Increasing the distance between facilities and property
lines
• Using higher grades of fuel for asphalt heaters
The lower production temperatures provide numerous
benefits such as [10], [11]:
• Reduced emissions: Data from European practices indicate that plant emissions are significantly reduced. Typical expected reductions are 30 to 40% for CO2 and sulfur dioxide (SO2), 50% for volatile organic compounds
(VOC), 10 to 30% for carbon monoxide (CO), 60 to
70% for nitrous oxides (NO x), and 20 to 25% for dust.
• 55% documented energy savings during the production
and application of WMA
• Reduced fuel usage: Burner fuel savings with WMA
typically range from 11% to 35%. Fuel savings could be
higher (possibly 50% of more) with processes such as
low-energy asphalt concrete (LE AB) and low-energy
asphalt (LE A) in which the aggregates (or a portion of
the aggregates) are not heated above the boiling point of
water.
• Paving benefits: Paving-related benefits discussed included the ability to pave in cooler temperatures and
still obtain density, the ability to haul the mix longer
distances and still have workability to place and compact, the ability to compact mixture with less effort, and
the ability to incorporate higher percentages of reclaimed asphalt paving (RAP) at reduced temperatures.
• Reduced worker exposure: Tests for asphalt aerosols/
fumes and polycyclic aromatic hydrocarbons (PAHs)
indicated significant reductions compared to HMA, with
results showing a 30-50% reduction.
• WMA technologies have been used with all types of asphalt mixtures, including dense-graded asphalt and
stone-matrix asphalt (SMA).
• Porous asphalt. WMA has been used with polymermodified binders and in mixes containing RAP.
• WMA has been placed on pavements with high truck
traffic, up to 3,500 heavy vehicles per day, which over a
20-year design period would be expected to exceed 30
million, 18-kip-equivalent, single-axle loads.
• Improved worker safety due to the handling of cooler
temperature materials.
• Streets and roadways are reopened quickly due to cooler
final service temperatures after placement and compaction of the asphalt is complete.
• Performance and durability greater than or equal to traditional hot mix asphalt.
In addition, WMA has lower viscosity, which allows it to
flow more easily, has a slower rate of cooling, the mix re-

mains workable despite longer delays or cooler conditions,
and trucks can haul WMA over longer distances. It also allows increased RAP to be substituted for virgin aggregate,
which provides both financial and environmental benefits.
The WMA’s temperature also causes less aging of the asphalt binder, which can reduce cracking.
WMA does have a lot of benefits; however, it does have a
few drawbacks as well. WMA has been used and tested for a
little less than 10 years now. Its performance has been tested
in the short term and has proven to work as well as HMA
pavement. Simulations of 10 to 12 years of traffic damage
over a two-year period have also been performed to project
future performance of WMA and have been reported as good
performance with low rutting [12]. Since it is fairly new, its
performance is still being evaluated. Some disadvantages or
risks that were found from the questionnaire (Tables 3-5)
and from literature research are as follows:
• Difficulty in adjusting burners in the plant
• Asphalt that does not flow readily as HMA
• Pavement deformation
• Cracking at low temperatures
• A learning curve
• Traffic release on WMA pavement (may rut slightly if
traffic is opened too early)
• Potential effects on moisture sensitivity and resistance
to moisture induced damage (stripping)
• Unknown long-term performance
However, the risks that are known can be dealt with by
understating them on a long-term evaluation and through
past research studies. The major drawback that was found
from the survey results was on moisture damage in WMA. A
laboratory investigation was conducted on moisture damage
in WMA mixtures containing moist aggregates. Indirect tensile strength (ITS), tensile-strength ratio, deformation, and
toughness tests were performed to determine the mixtures’
moisture susceptibilities. The experimental design included
two percentages of moisture content (0% and 0.5% by
weight of the dry mass of the aggregate), two WMA additives (Asphamin and Sasobit), and three aggregate sources.
In this study, 15 mix designs were performed, and 180 specimens were tested. Test results indicated that, as expected,
dry ITS values were affected by aggregate moisture and hydrated lime contents, whereas a WMA additive did not significantly alter the dry ITS and toughness values. Statistical
analysis showed no significant differences in the wet ITS
values of the WMA mixture of three types of mixtures (control, Asphamin, and Sasobit) under identical conditions
(same moisture and lime contents). Future research, conducted with more aggregate sources, might be helpful in
developing more accurate equations [12].
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Another way to reduce these risks is to:
•
•
•
•

Have proper equipment maintenance
Operate at normal production rates
Add additives with the right material properties
Increase temperatures slightly if needed

Depending on the type of WMA technologies used, foaming or additives, upfront costs may seem high compared to
the conventional HMA. However, all the other benefits such
as reducing fuel cost, cost of material, and savings from increased RAP use can outweigh the drawbacks and make it a
less costly alternative.

Table 3. Survey Responses from State Agencies’ Experiences
using WMA
State

AK

Conclusions and Future Directions
Environmental awareness has been increasing rapidly in
recent years and stricter emissions regulations have led to
the development of several new processes to reduce the mixing and compaction temperatures of hot mix asphalt, without
sacrificing the quality of the resulting pavement. Because of
environmental awareness, the hot-mix asphalt industry is
constantly exploring technological improvements that will
enhance the material’s performance, increase construction
efficiency, conserve resources, and advance environmental
stewardship. It is logical that one approach to achieving
these goals would involve methods to reduce material production temperatures by implementing warm-mix asphalt
instead of hot-mix asphalt in highway projects. This concept
has been tested for almost 10 years in Europe and over the
last couple of years in the United States as a means to these
ends. Warm-mix asphalt is produced at temperatures between 30°F and 100°F (16ºC and 56ºC) lower than typical
hot-mix asphalt.
Through case studies and a questionnaire that was sent out
to State Highway Agencies in the United States, the environmental benefits and costs of using Warm Mix Asphalt are
clearly evident. This has been seen not only in Europe and
other countries but also in the United States as well. Drastic
reductions in mixing and placing temperatures have the obvious benefits of cutting fuel consumption and decreasing
the production of greenhouse gases. While there is a great
deal of promise that comes along with lower temperatures,
there are concerns also. As long as the potential risks are
known, best practices such as proper equipment maintenance
and operating at normal production rates can minimize the
concerns of WMA. This paper presents an initial study on
the use of WMA in the United States and in other countries.
Future research on a complete study of all the State Highway
Agencies experience with WMA and the types of equipment,
additives, and techniques is needed.
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AZ

CA

FL

GA

IO
KS

Advantages
• Longer paving
season and mix
haul distances
• Paving during
low temperatures and wind
conditions
• Less restriction
and enabling
more production
in nonattainment areas
• Reduced fuel
usage and emissions
• Use of higher
percentage of
RAP
NA
• Lower emissions
• Lengthening life
of asphalt binder
due to decrease
in oxidation exposure at lower
temperature
• Better compaction results on
projects with
long haul times
(3 + hours)
• Ambient temperatures (50°F
plus falling) allows longer
working time

• Reduced worker
exposure to
fumes and environmental
• Reduce aging of
binder
• Reduce fuel
consumption
• More mix workability

• Extend paving
season in some
environmental
locations or aid
in compaction
• Significant haul
distance
NA
NA

Disadvantages
• Contractors
dislike addition
of extra equipment and devices to their
equipment
• Concerns that
mix is softer initially and might
be prone to permanent deformation and
stripping in the
future

Comments
• Do we add or
increase the percentage of antistripping agent
in the mix?
• Where is the
agent added for
the foamedasphalt process?

NA
• WMA more
expensive than
HMA
• Stays tender
longer
• The roller operations need some
adjustment to
the feel of the
product
• May rut slightly
if traffic is
opened too early
• Wait for surface
temperatures to
fall to 140°F
(current specs
allow traffic on
hot material at
surface temperatures of 160°F)
• Concerns with
using high RAP
percentages with
WMA
• Concerns regarding moisture
damage for the
water injection
WMA process
• No way to perform mix design
utilizing some
WMA process

NA
• Lower production temps at
plant may require
burner (aggregate
heater) to be retuned to optimum
performance at
lower temperatures
• Lower temps
may have effect
on bag

• Will the mix be
hot enough o activate the binder
on the RAP?

• Has not seen
major benefits of
WMA pavement
NA

NA
NA

NA
NA
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Table 5. Continuation from Table 4

Table 4. Continuation from Table 3
State

Advantages

Disadvantages

Comments

KY

• Less burner
fuel consumption
• Decreased
emissions
and odors
• Lower mixing and
compaction
temperature

• Possibly moisture
susceptibility
• Mixture not blending well at lower
temperatures
• Experienced tender
characteristics in
WMA pavement
produced from asphalt foaming that
included difficulties in compacting
mixture and pavement yielded poor
density and
smoothness (did
not observe this
with other waterinjection asphalt
foaming device)
• Possibly moisture
susceptibility
• Mixture not blending well at lower
temperatures

• Considering the
WMA produced to
date using the water-injection/asphalt
foaming process,
we have not clearly
identified any benefits from WMA
(e.g., easier compaction, higher
density, improved
pavement durability).

LA

MI

NA

NA

NA

MN

NA

NA

NA

MO

• Improved
compaction
• Reduce
emissions
• Extended
construction
season (due
to improved
compatibility)
• Less disruption to traveling public

NA

NA

NA

NY

OH

NA

PA

NA

• Fuel consumption
is a benefit of
WMA, however,
most of the plantfoaming technologies require aggregate drying temperatures much higher
than needed for
conventional HMA.
• Stack tests are very
expensive for individual contractors
and data remains
limited.
• What are we doing
to our asphalt binders over the life of a
pavement?

Advantages

• Less fuel
usage
• Less production of
greenhouse
gasses and
emissions
• Worker
exposure
• EPA regulations
• Fuel saving

Disadvantages

Comments

None

NA

• learning curve
• Traffic release on
WMA pavement

• Concerned with not
getting moisture out
of aggregate on our
projects which could
lead to stripping
OR

• Reduced
aging
• Reduced
emissions
• Easier compaction efforts

NC

State

SD
UT

VA

NA

• Less aging of
PG-binder
through production plant,
• Better mixture workability and
compaction
• Lower unit
bid costs
from production energy
savings and
potential less
compactive
effort required.
• Lower unit
bud costs due
to less energy
needed to
produce
WMA
• Less emissions at plant
and job site
(heat and
fumes)
• Extended
paving season
NA
NA
• Extended
paving season
• Better in
place density
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• Unknown long-term
performance
• Potential effects on
moisture sensitivity
and resistance to
moisture induced
damage (stripping)

NA
NA
• Moisture present in
aggregate

NA

• Hope to see
WMA work
for longer
hauls. The
first trial we
did with a
long haul
still arrived
too cool to
get good
compaction.
• Better mixture workability and
compaction
especially if
have long
haul distance
from production
plant, high
amount of
hand work
or intersection work, or
colder temperatures
which require increased
compaction
effort.

NA
NA

NA
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NON-BRANCHING SOLUTIONS FOR THE DESIGN OF
PLANAR FOUR-BAR LINKAGES USING TASK
VELOCITY SPECIFICATIONS
Nina P. Robson, Texas A&M University; J. Michael McCarthy, University of California, Irvine

Abstract
This study looked at the use of three positions and two velocities to define algebraic design equations for the synthesis
of planar two-bar linkages, which were solved to obtain multiple solutions. To ensure that the four-bar linkage constructed from two of the solutions moves smoothly through
the given task, Filemon’s construction and Waldron’s circle
diagrams were used. The main contribution of this study was
that both methods were found to have direct application in
the planar four-bar linkage synthesis theory with task positions and velocity specifications. The authors showed that
the task positions provide the geometric features of the position synthesis, such as the pole triangle and Waldron’s threecircle diagram, while the velocities can be used to reshape
the coupler movement for non-branching solutions.

lem, which admits a manifold of solutions. Conditions that
identify branching designs are imposed on this manifold to
define subsets of useful designs [7]. Another approach is
to use optimization theory to design the complete parallel
system with branching conditions imposed as constraints
on the solution [8], [9].
In this study, the authors introduced a new approach
that presents both the design goal and evaluation of the
resulting linkage. In this formulation, the authors solved
the complete five multiply separated position synthesis
problem, and allowed the designer to modify the design
specifications, while evaluating features of the resulting
design. Experiments showed that this procedure could
yield an effective non-branching design to meets the designer's goals.

The examples in the end show how to obtain fully operational four-bar mechanisms using a combination of the Waldron and Filemon constructions. It is important to realize
that the techniques described here are very useful for avoiding branching in planar four-bar linkages and can become a
powerful tool for the future design of novel closed-loop mechanical systems.

Introduction
In this study, the authors considered the synthesis of planar RR chains to guide a floating link through five multiply
separated positions (see Figure 1). The kinematic specification is three task positions with two specified velocities, denoted PP-P-PP [1], [2]. The goal in this study was to assemble a 4R linkage from the solutions to this design problem
that could move its coupler smoothly through the task positions.
A fundamental problem in kinematic synthesis is the
potential for a parallel assembly of chains, such as the 4R
linkage constructed from two RR chains, to result in a
workspace that separates the task positions either physically or with a linkage singularity. This is called branching
[3], [4], known also as mechanism defect [5], [6]. One
approach to avoiding the branching problem is to introduce free parameters by solving a reduced-design prob-

Figure 1. The five multiply separated position task, consisting
of i=3 specified positions Ti = (φi , pxi , p yi ) and j=2 velocities

V j = (φ&j , p& xj , p& yj ) defined in the first and third position

Synthesis Equations for an RR
Chain
In order to synthesize a planar 4R chain, the authors formulated and solved the design equations for the planar RR
serial chain. The analytical solution of these design equations yielded zero, two, or four sets of real values for the
design parameters for RR chains that ensured that the floating link moved through the task positions. When two of
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these chains were connected in parallel, the workspace of
the system was reduced from two to one dimension because
the 4R chain had one degree-of-freedom. It happens that
this one-dimensional workspace can take the form of a single closed curve with two singular configurations, or can be
separated into two real curves, called branches, each of
which may have two singular configurations. The focus
here was on finding linkage designs that guide the floating
link through all of the specified task positions such that
they are on the same branch and do not encounter a singular
configuration.

W 1 = ( WX ,Wy ,1 ) of the moving pivot when the floating
link is in the first position, and the length R of the link. Noi

tice that in each task position the moving pivot W is constrained to lie at the distance R from G, so we have,
This equation also imposes a constraint on the velocity

d
W j of the moving pivot, such that in each task posidt

tion

Kinematic Specification
i

The authors’ formulation of the design equations for the
RR chain followed those by Suh & Radcliffe [10] and Russel & Sodhi [11]. The kinematic specification consisted of
three rotations and translations given by
Ti = (φi , p xi , p yi ) ; i=1,2,3 and two sets of angular and

The coordinates W of the moving pivot in each of the task
positions are given by the formulas

linear velocities, defined in the first and third positions

where [ D1i ]=[ Ti [T1 ] ] is the relative displacement from

V j = (φ&j , p& xj , p& yj ) ; j = 2,3 where

−1

the first task position to position i. Similarly, the velocities

From Figure 1,

d
W j are given by
dt

V1 = (φ&1 , p& x1 , p& y1 ) and

V3 = (φ&3 , p& x 3 , p& y 3 ) are the angular and linear task velocities defined in the first and third positions, respectively. The
position data Ti = (φi , p xi , p yi ) is assembled into the 3 3
homogeneous transform equation (2),

The design equations (4) and (5) are quadratic in the design
variables (G x , G y , Wx , W y , R ) . However, these equations
can be simplified to four bilinear equations in the four unknowns (Gx , G y , Wx , W y ) . McCarthy [14] demonstrates
this for five position synthesis. Thus, there can be as many
as four real solutions to this design problem.

V j = (ω j , v j , w j ) defines the 3
−1
velocity matrix [ Ω i ]=[ T&i ][ Ti ] given by
and the velocity data

3

Center Point and Circle Point
Curves
The dimensions of a four-bar linkage with a specific number of positions of the coupler plane can be determined from
the center-point and the circle-point curves. These curves
could be obtained by plotting the cubic polynomials either
in the fixed pivots (G xn , G yn ) , which results in centerpoint curves or in the moving pivots ( W xn , W yn ), which re-

Design Equations
The design parameters for the RR chain have the coordinates G= (G x , G y ,1) of the fixed pivot, the coordinates
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sults in circle-point curves, where n is the number of solutions to the design problem. For the particular case of three
positions and two specified velocities used in this study, the
number of solutions is at most four and, therefore, four center-point curves and four circle-point curves were obtained
[see Figures 2(a) and 2(b)].
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Filemon’s Construction
In the early seventies, Filemon [13] introduced a construction for the moving pivot of the input crank of a 4R
linkage that ensures the smooth movement of the linkage
through the task positions. The construction assumes that an
output crank

1
Gout Wout
has been selected. It is then possible

to determine how this crank rotates to reach each of the design positions. Viewed from the coupler, this link sweeps out
two wedge-shaped regions. Filemon showed that all that is
necessary to guarantee that the resulting four-bar linkage
will pass through the design positions was to choose the input moving pivot outside of these regions (see Figure 3). For
(a)

any choice of the output moving pivot,

1
Wout
, a unique fixed

pivot, Gout , can be determined. The positions that

Gout can

take relative to the moving frame are computed using the
relative inverse displacements

where
to

[T1−i 1 ] as:

1
[T11i ] = [T1−i 1 ] . The two angles, measured from Gout

2
2
3
Gout
and Gout to Gout combine to form the wedge swept

by the driven crank relative to the moving frame. The input

Win1 should be chosen from outside of the

moving pivot

(b)

wedge-shaped region. The resulting 4R linkage will pass
through the design positions before the coupler lines up with
the output crank, which defines the limit to the movement of
the input crank.

Figure 2(a) The points of intersection of the center-point curves
define the coordinates of the four fixed pivots G. (b) The points
of intersection of the circle-point curves define the coordinates
of the four moving pivots W

Filemon’s Construction and Waldron’s Circle Diagram
As mentioned above, the dimensions of the theoretically
possible 4R linkages, which pass through specific positions
of the coupler plane, were determinable from the centerpoint and the circle-point curves. When using these curves
for synthesis, some of the solutions did not perform the prescribed task due to constructional reasons [14]. The Filemon
and Waldron constructions are helpful in defining the existence of a solution. In this paper, the authors show how to
obtain a desired result in cases where there are no solutions,
which satisfy the conditions.

Figure 3. Filemon's Construction. W1 is the chosen output
1
moving pivot Wout
and G1 is it's corresponding unique fixed
pivot Gout . The rotation of the output crank W1G1 identifies
wedge-swept

regions,

defined by

1
G11= Gout
,

2
G12= Gout
,

3
G13= Gout
in this particular case, only W4 can be chosen for an
input moving pivot
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The Pole Triangle

as points in regions where they overlap, can be used as mov-

If there are three positions for a moving body, then the
displacements can be considered in pairs and one can determine the poles P12, P23, P13 and the associated relative
rotation angles φ12 , φ23 , φ13 . It is easy to see that the dis-

1
Gout Wout
has a solution. The result is a 4R linkage that

1

ing pivots Wout . For these points, the output crank

T13 : (φ13 , P13) is obtained by the
sequence of the two displacements T12 : (φ12 , P12) followed by T23 : (φ23 , P 23). Resulting in φ13 = φ23 + φ12 .
placements given by

The three poles form a triangle, known as the pole triangle.
Informatively, the image pole triangle is a mirror image of
the pole triangle along a common side.

Waldron’s Three-circle Diagram

moves through the three specified positions before it reaches
a limit to the range of movement of the input crank.
In what follows, the authors showed that both the Filemon
and Waldron constructions proved to be applicable in solving for non-branching solutions in the design of planar fourbar linkages. Waldron’s diagram identified regions of moving pivots that ensured that Filemon’s construction would
yield useful driving pivots. It turns out that Filemon’s construction gave non-branching solutions only when the input
and/or output moving pivot(s) were chosen to be outside of
the Waldron bounded region.

In the mid seventies, Waldron [12] showed that if the
output pivot
from

1
Wout
rotates so that any of the angles measured

1
2
2
3
1
3
Gout
to Gout , or Gout to Gout , or Gout to Gout is

greater than or equal to π , there is no solution. This lead
him to consider the point of viewing each side of the image
pole triangle in

π
2

and defining the three-circle diagram.

The poles P12, IP23, P13 of the relative inverse displacements

[T121 ], [T231 ], [T131 ] define an image pole triangle (see

Figure 4). The center-point theorem applied to the image
1
Wout
views the sides of this triangle at a rotation angle − α ik / 2

pole triangle yields the result that the moving pivot

of the coupler relative to the RR chain. Thus, for a point W
and a side

pij1 p1jk of the image pole triangle, we have the

relation:

Figure 4. Waldron's Three-circle diagram. The poles P12, IP23,
P13 define the image pole triangle and the poles P12, P13, P23
define the pole triangle. For this particular example only W1
and W2 can be considered as a moving pivots, since they lie at a
places where two of the circles overlap

The Coupler Velocity Pole
The points that have

− α ik / 2 =

π
2

lie on the circles:

1

A point of the moving plane that instantaneously has zero
velocity may be located using equation (3), as follows:

1

The diameters of these circles are the segments Pij Pjk . The
three circles,
which

36

C12 , C23 , C13 , bound regions of points for

− α ik / 2 >

π
2

. Points outside of these circles, as well
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where p is an arbitrary point of the plane with specified
motion. This leads to the equations for the coordinates
of the velocity pole:

Note that the location of the velocity pole for a plane motion
mechanism can be defined in purely geometrical terms. The
velocity pole or instant center for the coupler in a four-bar
planar mechanism is located in the intersection of the line of
centers of the two guiding cranks. Therefore, given the four
solutions for the fixed G = ( Gix , Giy ) and for the moving
W= ( Wix , Wiy ) pivots of the 4R, we can express their relation to the coupler velocity pole in the two positions where
task velocity specifications exist, can be expressed by:

1) Plot Waldron’s three-circle diagram, which depends only
on task-position data. It is useful to plot also the task positions and velocities, as well as the coupler velocity poles
(VP1 and VP3 in our case) in the positions, where task velocities are specified;
2) Chose two of the moving pivots, Wn , n=2, for the design
of the planar four-bar and examine their position according
to Waldron’s construction. If one or both solutions need to
be shifted outside of the bounded region to a “safe” location,
proceed to the next step. If solution(s) do not need to be
shifted, proceed directly to step 5;
3) Chose one of the two positions with velocity specification. Modify the coordinates of the velocity pole or the moving pivot, Wxi , Wyi , by applying equation (13). This will
result in shifting W to a new "safe" location. Note, however,
that changes in the W coordinates result in new coordinates
for the corresponding fixed pivot G xi , G yi ;
4) Solve equation(12) to obtain the new task velocity speci& oxi , p& oyi ) , in the chosen position;
fications, V Pi = ( p

A property of the coupler velocity pole, defined in a particular position, is that it lies on the center-point curves. The
image velocity pole, defined as pimage = ( poy , - pox ), lies
on the circle-point curves. Therefore, modification of the
task velocities in a particular position will result in alteration
of the coupler velocity pole in this position, in reshaping the
center-point and circle-point curves, and will result in shifting branching solution(s) in areas where the Waldron and
Filemon constructions yield successful designs.
In the following sections, the authors apply equations (12)
and (13) to one of the task positions with velocity specification in order to shift the branching solutions out of the
bounded regions defined by Filemon’s construction and
Waldron’s three-circle diagram.

Numerical Examples and
Comments
The smooth motion of the coupler of a resulting design
was evaluated using both Filemon’s construction and Waldron’s three-circle diagram. The Waldron diagram was used
first since it identifies regions of moving pivots that ensure
that Filemon’s construction yields useful driving pivots. In
other words, the solution existence was tested by the Waldron diagram, while Filemon’s construction lead to the identification of the driving and the driven cranks. The main
steps of this procedure are:

5) Plot the coupler velocity poles (VP1 and VP3 for this
study) in the positions where task velocities are specified;
6) Use Filemon's construction and plot the four positions
1

2

3

4

( Gout , Gout , Gout , Gout ) the chosen unique pivot

Gout can

take. Plot also the solutions for the moving pivots (W1, W2,
W3, W4) resulting from the synthesis of the 2R;
7) From the two chosen solutions, determine on input/driving and output/driven crank, using Filemon’s construction. This will guarantee a successful four-bar linkage
design; and,
8) Animate the four-bar linkage to ensure that it moves
smoothly through the specified task.
In the end, it should be noted, that if the aim is towards a
minimal deviation of the modified task from the originally
specified one, then generating an array of uniform values in
the vicinity of the originally specified velocity pole is needed. Next, the closest solution should be chosen and tested if
it satisfies the Waldron and Filemon constructions.

Successful Design of a Four-bar
Linkage: Example
The data set for this example is shown in Table 1.
Table 1. Data set

Figure 6(a) shows Waldron’s construction, the coupler
velocity poles in the first and third positions, VP1 and
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VP3, as well as the four solutions for W (smaller points)
and G (thicker points), respectively. It can be seen that all
fixed pivots, Gn , as well as the coupler velocity poles
(VP1 and VP3) lie on the center-point curve (solid), while
the moving pivots, Wn , are on the circle-point curve
(dashed).

It was assumed that there were no particular preferences
of which two of the four solutions were chosen for the design of the four-bar linkage. The goal was to have a successful design that goes smoothly through the specified task. A
quick examination of Waldron’s diagram in Figure 5(a)
shows that a non-branching solution can be obtained by
using moving pivots W4 and W1. Both pivots are away
from the Waldron bounded region. According to Filemon’s
construction (see Figure 5(b)), if W4 is chosen as the driving crank, W1 is outside of the Filemon wedged swept area
and, therefore, can be used as a driven crank. The coordinates of the fixed and moving pivots of the chosen solutions
are shown in Table 2.
Table 2. The fixed and moving pivots used to construct a fully
operating four-bar linkage

The smooth movement of the coupler of this successful
design is shown in Figure 6.

(a)

Fig.6. The four-bar linkage constructed from (G4, W4) and
(G1, W1)

Case study I: One of the solutions for the design of the
four-bar linkage is in the bounded region.

(b)
Figure 5. Solutions for case study I. (a) Waldron’s circle diagram: the solutions W1, W2 and W4 (smaller points) can be
used for driving pivots for the successful design of a four-bar
linkage. (b) Filemon's construction: shows the chosen moving
pivot W[4] and the arrangement of the rest moving pivots
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It was assumed that there was a need to assemble a fourbar linkage using the third and fourth [(W3, G3), (W4,
G4)] real solutions of the synthesis equations for an RR
chain. According to Waldron’s three-circle diagram, the
chosen moving pivot, W3, in Figure 5(a) would not work
as a possible solution since it neither lies outside of the
bounded area nor at a position where two of the circles
overlap. The other chosen pivot, W4, was not a problem
since it was out of the bounded area. The coordinates of
the fixed and moving pivots of the chosen solutions are
shown in Table 3.
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Table 3. The fixed and moving pivots for case study one

A fully operating 4R linkage is assembled in Figure 8, corresponding to the modified velocity. It can be seen that the
chain is able to move smoothly through the given task and
the path trajectory is tangent to the specified velocities.

Figure 7 shows the movement associated with combining
the third and fourth solutions, resulting in branching problems and, therefore, an unsuccessful four-bar linkage design. The first of the three specified task positions lies on
the first branch and the second and third task positions are
on the second branch. This example shows that the 4R chain
cannot pass smoothly through the given task.

Figure 8. The modified four-bar linkage design for case study
one

Case study II: Driving/driven crank decision for the
successful four-bar linkage design.

Figure 7. The four-bar linkage, constructed from (G3, W3) and
(G4, W4) cannot pass through the specified task: a failed design

To solve the branching problem, equations (12) and (13)
were applied. Pivot W3 was shifted to remain within Waldron's bounded circle but in an area where two of the circles
overlap, i.e., from W3= (0.02, 0.25) (shown in Table 3) to
W3= (0.61, 0.82) (see Table 5). Repositioning the W3 pivot
at the new desired position resulted in modification of the
coordinates of the fixed pivot, G3, as well as the coupler
velocity pole, VP3, in the third position. The modified coupler velocity pole data in the third position, as well as the
new data set for the linear velocity in the third position, are
given in Table 4. The new coordinates of the moving pivot,
W3, are shown in Table 5.

Starting with the data set in Tables 1 and 3, the authors
wanted to use the third and fourth solutions for constructing
their four-bar linkage, similar to the first case study. Since
the third solution yielded a branching problem, the authors
chose to shift the moving pivot W3 outside of Waldron's
bounded region, following the same procedure as in the first
example. The modified velocity is given in Table 7.
Table 6. The modified coordinates of the moving pivot W3
and the fixed pivot G3 in the third position

Waldron's diagram, the modified coupler velocity pole
VP3, the new linear velocity in the third position, as well
as the obtained coordinates for the moving pivot, W3, are
given in Figure 9.

Table 4. The modified velocity set for case study one
Table 7. The modified velocity set

Table 5. The modified coordinates for the moving pivot W3
and the fixed pivot G3 in the third position

This time the authors chose to use solution three as a driving crank. In order to test the solution, they plotted
Filemon’s construction, shown in Figure 9(b), to determine which of the two cranks (W4, G4) or (W3, G3)
should be chosen as the driving crank and which as the
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driven. The coordinates obtained for the input and output
cranks are shown in Table 6, where the third solution was
used as a driving crank.

Figure 10. The successful four-bar linkage design for case
study II

Summary
Specifying velocity constraints in certain task positions
gives the designer control over the motion between the positions. The main contribution of the study was that both
Filemon’s construction and Waldron’s three-circle diagram
were found to have direct application in the planar four-bar
linkage synthesis theory with task positions and velocity
specifications. The task positions provide the geometric
features of the position four-bar linkage synthesis, such as
the pole triangle and Waldron’s circle diagram. The study
showed how to shift either chosen pivots or the velocity
pole in one of the positions in order to reshape the coupler
movement for non-branching solutions. The non-branching
techniques discussed here can find direct application in the
design of planar n-bar linkages, providing the designer the
flexibility of modifying the task specifications as needed
and, therefore, becoming a powerful tool for the future design of novel mechanical systems.
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STREAMLINE COMPOSITIONAL SIMULATION OF GAS
INJECTIONS
Dacun Li, University of Texas of the Permian Basin

Abstract
When reservoir temperatures are lower than 120oF and
pressure is lower than 1500psia, gas injections, especially
when injectants include CO2, can result in four phases: water, oil, gas, and a second non-aqueous liquid. No commercial simulators can handle four phases. Although UTCOMP,
an academic simulator, can handle four phases, it was built
with the finite-difference method. It is so time-consuming to
conduct compositional simulations with finite-difference
simulators that people tend to use fewer components, or
fewer grid blocks, or both; however, the use of fewer components leads to inaccurate phase behavior, while application of fewer grid blocks causes larger numerical dispersions. A streamlined simulation was incorporated into UTCOMP to tackle water flood and a streamline simulator,
Strator, was developed. In this study, Strator was expanded
to handle gas injections and found to be able to model gas
injections involving four phases. For a gas injection case, the
speed of streamline simulation is 43 times that of a finitedifference simulation. In addition, viscous fingering can be
sharply caught by streamline simulation. Flood fronts from
the streamline method are more clear-cut than their counterparts from the finite-difference method, owing to large numerical dispersions in the latter method, acting like physical
dispersions. The streamline simulator can be used for gas
injection problems involving up to four phases.

Flood water alone is not effective in recovering Shrader
oil [4] due to high viscosity of the oil. Slim-tube experiments
carried out by Mohanty et al. [2] and Khataniar et al. [3]
showed that solvent flooding was effective because certain
solvents were miscible with the viscous oil, thus reducing oil
viscosity. In this study, the streamline simulator, Strator, was
expanded to handle gas injections. After being tested for a
synthetic case, Strator was used to perform compositional
simulations on a miscible gas injection to the viscous
Shrader oil. Simulation results from the streamline method
was analyzed and compared with their counterparts from the
finite-difference method.

Approach

Introduction
It is well-known that it is extremely time-consuming to
run compositional simulations with finite-difference
simulators. Sometimes, people in industry submit
compositional simulation jobs to computing clusters, go for
a vacation for a couple of weeks, and then come back to
collect simulation results. Compositional simulations are so
prohibitively expensive that people tend to use fewer
components, or fewer grid blocks, or both. However, the use
of fewer components leads to inaccurate phase behavior
while application of fewer grid blocks causes larger
numerical dispersions [1].
o

When reservoir temperatures are lower than 120 F and
pressure is lower than 1500psia, gas injections, especially
when injectants include CO2, can result in four phases:
water, oil, gas, and a second non-aqueous liquid [2]-[4].
Unfortunately, commercial simulators, such as Eclipse and
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VIP, cannot handle four phases. In order to accurately
describe phase behavior, it is better to use an academic
compositional simulator, for example, UTCOMP [5], which
can handle four phases. Efforts [4] were made to simulate
enhanced oil recovery processes by using UTCOMP. Like
most simulators, UTCOMP is a finite-difference simulator
and it is time-consuming when used for compositional
simulations. A streamlined method was incorporated into
UTCOMP for flood water and a streamline simulator, Strator
[6], was developed. It was confirmed that the streamline
method was much faster than conventional finite-difference
methods. For a flood-water case, simulation speed with the
streamline method was 23.71 times [6] the simulation speed
of the finite-difference method.

The streamline method for compositional simulation was
described by Thiele et al. [7], and Jessen & Orr [1]. In this
current study, the authors used an analytical streamline
method for gas injections. Instead of mapping water saturation from 1D solution for flood water [6], the authors
mapped overall compositions of hydrocarbon components
and Strator was extended to model gas injections as shown
in Figure 1 [8]. The true time step will be derived in the next
several paragraphs.
Let N in, I be the total cumulative injection of component i at
the nth time step (T), Nin, p the total cumulative production of
component i at the nth time step, N i , ini the initial amount of
component i, and Nin, r the total amount of component i still
remaining in the reservoir at the nth time step. The total
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accumulation of component i can be calculated as
N in, I − N in, p , or N in,r − N i ,ini . These two numbers are equal to
each other, thus yielding
N in, I − N in, p = N in,r − N i ,ini .

(1)

Therefore, at T (the nth time step), the total cumulative
injection of component i is
N in, I = N in, p + N in, r − N i ,ini .

(2)

Similarly, for the (n+1)th time step, we have
Nin, I+1 = Nin, +p1 + Nin, r+1 − Ni ,ini .

(3)

The total cumulative injection of component i at the (n+1)th
time step, N in, I+1 , can be written as
Nin, I+1 = Nin, I + QIn +1 zi , I ∆T n +1 ,

(4)

where Q In +1 is the solvent injection rate at the (n+1)th time
step, zi,I is the overall composition of component i in the
solvent, and ∆T n +1 is the true time step at the (n+1) time
step.
The total cumulative production of component i at the
(n+1)th time step, N in, +p1 , can be found as
N in, +p1 = N in, p +
4
 f jn, p + f jn, +p1  n +1
∆T
Q pn +1 ∑ x i , j , p 


2
j =2



,

(5)

where f jn, p is the production fractional flow of phase j at the
nth time step, f jn, +p1 is the production fractional flow of
phase j at the (n+1)th time step, Q pn +1 is the production rate at
the (n+1)th time step, and xi , j , p is the composition of component i in phase j in the production fluid. So, from equations (3) - (5), we get

∆T

n +1

=

N i ,init − N in, r+1 + N in, I − N in, P

.

(6)

4
 f jn, p + f jn, +p1 

Q In +1 z i , I − Q pn +1 ∑ xi , j , p 


2
j =2



These equations are implemented in the coding.

STREAMLINE COMPOSITIONAL SIMULATION OF GAS INJECTIONS

Figure 1. Flow chart of streamline simulation for gas injection
[8]

Results and Discussions
Based on the equations shown in the previous section and
the flow chart shown in Figure 1, some subroutines were
built with the programming language FORTRAN, and incorporated into Strator. After Strator was extended for gas
injections, a simple case was used to test the code. Commercial software such as Eclipse and VIP cannot handle four
phases, while Strator can because it has been built on UTCOMP, which is capable of handling four phases. At 700 psi
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and 69.38oF, CO2 was injected into a homogeneous reservoir
with C16. The reservoir was a quarter of a five-spot pattern
shown in Figure 2. Simulations were run by using 20 x 20
grid blocks. At 0.28 pore volume injection (PVI) of CO2,
values of oil saturation obtained from Strator and UTCOMP
are listed in Tables 1 and 2, respectively.
Table 3 shows some properties for this synthetic case,
such as permeability, porosity, and temperature. In addition,
the authors compared the saturation profiles in Figures 3 and
4, which show that the flood front generated by using Strator
was more clear-cut than that using UTCOMP. Therefore,
numerical dispersions from Strator are smaller than those
from UTCOMP. Because solution from Strator is closer to
the true solution, the solution from Strator was used as a
reference to calculate the error from UTCOMP.
Based on the data in Tables 1 and 2, the average front oil
saturation from Strator was found to be 0.5125, while its
counterpart from UTCOMP was 0.5849. So, the relative
error of UTCOMP for the front oil saturation was
(0.5849-0.5125)/0.5125×100% =14%

Figure 2. Schematic for the reservoir

Comparing Figures 3 and 4 further shows the speed of the
solvent movement in the diagonal direction predicted by
using Strator was faster than its counterpart UTCOMP. The
numerical dispersions from UTCOMP were quite significant
and they acted like real physical dispersions. Thus, slower
movement of the solvent front predicted by UTCOMP than
was observed by its counterpart Strator.

(7)

Table 1 Oil Saturation from Strator at 0.28 PV Injection of CO2 into C16
0.2274
0.2271
0.2372
0.2523
0.2743
0.2983
0.3197
0.3393
0.3586
0.3752
0.3910
0.4044
0.4180
0.4312
0.4549
0.8000
0.8000
0.8000
0.8000
0.8000

0.2271
0.2310
0.2412
0.2567
0.2790
0.3015
0.3223
0.3412
0.3597
0.3761
0.3917
0.4053
0.4182
0.4312
0.4879
0.8000
0.8000
0.8000
0.8000
0.8000

0.2372
0.2412
0.2516
0.2679
0.2886
0.3090
0.3286
0.3463
0.3632
0.3794
0.3940
0.4068
0.4194
0.4323
0.5002
0.8000
0.8000
0.8000
0.8000
0.8000

0.0000
0.0000
0.2101
0.2388
0.2676
0.2860
0.3058
0.3303
0.3542
0.3747
0.3935
0.4308
0.6071
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.0000
0.2128
0.2312
0.2531
0.2738
0.2902
0.3091
0.3321
0.3551
0.3749
0.3940
0.4309
0.6232
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.2101
0.2312
0.2564
0.2780
0.2970
0.3126
0.3265
0.3415
0.3593
0.3767
0.3956
0.4342
0.6713
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.2523
0.2567
0.2679
0.2843
0.3018
0.3192
0.3361
0.3531
0.3680
0.3835
0.3975
0.4100
0.4214
0.4332
0.5387
0.8000
0.8000
0.8000
0.8000
0.8000

0.2743
0.2790
0.2886
0.3018
0.3164
0.3312
0.3460
0.3608
0.3747
0.3882
0.4009
0.4135
0.4238
0.4349
0.6781
0.8000
0.8000
0.8000
0.8000
0.8000

0.2983
0.3015
0.3090
0.3192
0.3312
0.3437
0.3569
0.3690
0.3824
0.3942
0.4047
0.4165
0.4265
0.4376
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3197
0.3223
0.3286
0.3361
0.3460
0.3569
0.3673
0.3788
0.3895
0.4002
0.4104
0.4192
0.4289
0.4408
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3393
0.3412
0.3463
0.3531
0.3608
0.3690
0.3788
0.3881
0.3979
0.4055
0.4158
0.4236
0.4323
0.4459
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3586
0.3597
0.3632
0.3680
0.3747
0.3824
0.3895
0.3979
0.4045
0.4135
0.4196
0.4274
0.4353
0.4647
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3752
0.3761
0.3794
0.3835
0.3882
0.3942
0.4002
0.4055
0.4135
0.4184
0.4257
0.4320
0.4401
0.5616
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3910
0.3917
0.3940
0.3975
0.4009
0.4047
0.4104
0.4158
0.4196
0.4257
0.4307
0.4363
0.4472
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.4044
0.4053
0.4068
0.4100
0.4135
0.4165
0.4192
0.4236
0.4274
0.4320
0.4363
0.4440
0.4951
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.4180
0.4182
0.4194
0.4214
0.4238
0.4265
0.4289
0.4323
0.4353
0.4401
0.4472
0.4951
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.4312
0.4312
0.4323
0.4332
0.4349
0.4376
0.4408
0.4459
0.4647
0.5616
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.4549
0.4879
0.5002
0.5387
0.6781
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

Table 2 Oil Saturation from UTCOMP at 0.28 PV Injection of CO2 into C16
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0.2388
0.2531
0.2780
0.3055
0.3283
0.3448
0.3557
0.3636
0.3722
0.3842
0.4017
0.4486
0.7529
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.2676
0.2738
0.2970
0.3283
0.3563
0.3748
0.3838
0.3873
0.3901
0.3956
0.4110
0.4762
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.2860
0.2902
0.3126
0.3448
0.3748
0.3984
0.4049
0.4053
0.4057
0.4090
0.4257
0.6292
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3058
0.3091
0.3265
0.3557
0.3838
0.4049
0.4137
0.4151
0.4165
0.4192
0.4858
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3303
0.3321
0.3415
0.3636
0.3873
0.4053
0.4151
0.4199
0.4280
0.4672
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3542
0.3551
0.3593
0.3722
0.3901
0.4057
0.4165
0.4280
0.4651
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3747
0.3749
0.3767
0.3842
0.3956
0.4090
0.4192
0.4672
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.3935
0.3940
0.3956
0.4017
0.4110
0.4257
0.4858
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.4308
0.4309
0.4342
0.4486
0.4762
0.6292
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.6071
0.6232
0.6713
0.7529
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000

0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
0.8000
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Table 3. Properties for the Synthetic Case

Parameter
Outlet Pressure
Temperature
Permeability
Porosity
Reservoir Length
Reservoir Width
Reservoir Thickness
Injection Rate

Value
700
69
5
0.352
10
10
1
99

Unit
Psi
o
F
Darcy
none
ft
ft
ft
Mole/d

(PBG) and Natural Gas Liquid (NGL), when the proportion
of NGL is higher than 40%, the injectant reached good miscibility with viscous Shrader oil. The author then chose a
mixture of 50% PBG and 50% NGL as the gas injectant.

Figure 5. Oil saturation at 0.47 PVI

Figure 3. Oil saturation from Strator at 0.28 PV injection of
CO2 into C16

While water was assumed to be immobile, simulations
were run using Strator and UTCOMP for the gas injection
into a reservoir with viscous Shrader oil. The mixture was
injected into a quarter of a five-spot pattern reservoir shown
in Figure 2. Table 4 shows the properties, such as
permeability, porosity, and temperature. The injection
resulted in four phases in the reservoir: water, oil, gas, and
the second non-aqueous liquid. After 0.33 pore volume (PV)
of gas injection, oil, gas, and the second non-aqueous liquid
saturations obtained, respectively, from Strator and
UTCOMP are shown in Figures 6-11, which indicate that
fingering can be illustrated better by using Strator. Efforts
will be made in the future to increase the resolution of
saturation profiles by increasing the number of grid blocks.
It took a 366-MHz Pentium II computer 5 minutes and 21
seconds to simulate a 1.2-PV injection by using Strator and
about two hours to simulate a 0.6-PV injection using
UTCOMP before it was bogged down. Therefore, the
speedup factor is about 43.

Table 4. Properties for the Shrader Case
Figure 4. Oil saturation from UTCOMP at 0.28 PV injection of
CO2 into C16

In order to improve the resolution of the saturation profiles
and show fingering, streamline simulations were run with 70
x 70 grid blocks for the above case. Oil saturation at 0.47
PVI is shown in Figure 5, which demonstrates a lot of viscous fingers and fingering can be shown clearly with the
streamline method. If the reservoir is heterogeneous, fingering will be more severe.
From both experimental [3] and simulation [4] studies, it
was found that in the mixed injectant of Prudhoe Bay Gas

STREAMLINE COMPOSITIONAL SIMULATION OF GAS INJECTIONS

Parameter
Outlet Pressure
Temperature
Permeability
Porosity
Reservoir Length

Value
1300
82
5
0.352
10

Unit
Psi
o
F
Darcy
none
ft

Reservoir Width
Reservoir Thickness

10
1

ft
ft

Injection Rate

2

Mole/d
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Figure 6. Oil saturation from Strator at 0.33 PV of gas injection
into Shrader oil

Figure 9. Gas saturation from UTCOMP at 0.33 PV of gas
injection into Shrader oil
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Figure 7. Oil saturation from UTCOMP at 0.33 PV of gas
injection into Shrader oil

Figure 10. Second non-aqueous liquid saturation from Strator
at 0.33 PV of gas injection into Shrader oil
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Figure 8. Gas saturation from Strator at 0.33 PV of gas
injection into Shrader oil
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Figure 11. Second non-aqueous liquid saturation from
UTCOMP at 0.33 PV of gas injection into Shrader oil
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The bogging down of UTCOMP during the simulation
process might be due to severe fingering; however, Strator is
more resilient in handling fingering.

Conclusions
Several conclusions can be reached for this work:
1. Strator was expanded to model gas injections by using the analytical streamline method. Strator can
handle gas injections involving up to four phases.
2. The streamline method leads to smaller numerical
dispersions than the finite-difference method.
3. Large numerical dispersions in the finite-difference
method, acting like physical dispersions, causes
blurry flood fronts, while smaller numerical dispersions in the streamline method result in clear-cut
flood fronts.
4. Viscous fingering can be shown well by using the
streamline method.
5. Compared with the finite-difference method, the
streamline method is much faster. A speed-up factor as high as 43 was achieved.
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Nomenclature

Greek Symbols
∆
∆t
∆T

τ
τ

=
=
=
=
=
=

n
N
PV
PVI
Q
S
t
T
TD
W

=
=
=
=
=
=
=
=
=
=

∆
∆t
oil recovery, fraction
fractional flow, fraction
Permeability, L2
reciprocal of the standard
definition of mobility ratio,
dimensionless
the nth time step
Amount
pore volume
pore volume injected
injection rate, L3/T
water saturation
nominal time, T
true time, T
dimensionless time
Water amount, L3

STREAMLINE COMPOSITIONAL SIMULATION OF GAS INJECTIONS

difference
nominal time step
true time step
time of flight
average time of flight

Subscripts
gb
i
I
ini
j
o
P
r
sl
w

=
=
=
=
=
=
=
=
=
=

grid block
component index
injection
initial
phase index
oil
production
remaining
streamline
water

Superscripts
n
n+1
sl

=
=
=

the nth time step
the (n+1)th time step
streamline
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MATH CO-PROCESSOR EFFICIENCY AND
IMPROVEMENTS ON A MULTI-CORE
MICROCONTROLLER
Adam Stienecker, Ohio Northern University; Matthew Lang, Ohio Northern University

Abstract
Traditionally, a math co-processer is a hardware device
that resides next to a microprocessor or microcontroller in an
electronic device. The math co-processor is there to complete complex and lengthy mathematical processes because
either the main processor is not capable of floating point
math or because such processes require significant processing resources that are unavailable on the main processor.
With the rising popularity and falling price of multi-core
microcontrollers such as the Parallax Propeller, the interest
in on-chip math co-processors has increased. This paper
aims to document improvements made to the traditional
methods of math co-processing by increasing the dyadic
form of some functions to triadic up through decadic. The
co-processor resides inside the processor and uses one of the
chip’s cogs, or cores. This assembly language co-processer
can then be used by any programmer of the Parallax Propeller by adding the code to the microcontroller as an object file
that runs completely independent of the user’s main code.
With the increasing abilities of very small, embedded devices, the computational abilities of the processor are becoming
increasingly more important. Product developers are continually creating products that do more at a faster rate with
lower power and smaller size. The improvements outlined
in this paper that have been made to the standard methods
for math co-processing will aid in doing more with less.

Background
The Propeller microcontroller by Parallax was designed to
perform multi-core computing in embedded systems with
low power consumption. It consists of eight internal processers with a set of shared resources including I/O, memory,
and the system clock. Due to this design, the Propeller operates without interrupts, unlike many other microcontrollers.
This is made up for by the additional processing power of
multiple processing units. In many embedded systems an
interrupt may be assigned to a specific input or set of inputs
associated with an incoming signal. Instead, in the Propeller
multi-core environment, the programmer is able to assign a
core to keep up with the higher bandwidth signals.

Traditional math co-processors perform various operations
such as add, subtract, multiply, divide, tangent, sine, cosine,
and log functions, etc. The math co-processor is equipped
with data types, registers and instructions, and executes
number processing quickly. It has internal assemblers and
compilers to interpret high-level languages for the user’s
convenience. These co-processors have traditionally been
located external to the microcontroller and connected by
some kind of communication link. Examples include the
Intel 387TMDX and the Motorola M68000 devices.
Some of the functions that a standard co-processor performs are unary, that is, they require only one argument such
as the sine and cosine function. The other major type of
function performed by a standard math co-processor is the
dyadic math operations that include add, subtract, multiply,
and divide. An existing assembly language code for an onboard math co-processor has been built around this long
standing method [1]. If the user wishes to manipulate more
than two variables, multiple calls to the co-processor are
required. For example, if a math co-processor existed onboard as a core and it was used to multiply four variables (Y
= A * B * C * D) the following pseudo-code could be used.
Y=CoP.FMul (A, B)
Y=CoP.FMul (Y, C)
Y=CoP.FMul (Y, D)
CoP is the co-processor object name and FMul is the multiply command inside the object. This operation is performed
until the desired number of variables has been manipulated.
This causes significantly more inefficiencies than if the coprocessor could handle triadic and greater functionality. It
was the intent of this study to describe the results of a customizable math co-processor capable of unary and dyadic
through decadic functionality operating on a Parallax Propeller multi-core microcontroller [2].

Modifications
Starting with the program file mentioned earlier, a more
efficient set of functions was created [3]. To begin with, the
functions that were improved were the multiplication and
addition functions as they seemed logical due to their current
dyadic nature and they are more commonly used. To suc-
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cessfully multiply triadic variables or more, the user would
have to multiply two variables then take the product of the
dyadic variables, call upon the function again, and multiply
another variable with the product. For reference, the currently existing functionality for multiply and add operations
was defined as follows.
FMul(a,b)= a·b
FAdd(a,b)= a+b

(1)
(2)

For test purposes, functions were created that would multiply three to ten variables, depending on the user’s desire.
These functions were implemented in assembly language
and are defined as follows.
FMul3(a,b,c)=a·b·c
FMul4(a,b,c,d)=a·b·c·d
FMul5(a,b,c,d,e)=a·b·c·d·e
FMul6(a,b,c,d,e,f)=a·b·c·d·e·f
FMul7(a,b,c,d,e,f,g)=a·b·c·d·e·f·g
FMul8(a,b,c,d,e,f,g,h)=a·b·c·d·e·f·g·h
FMul9(a,b,c,d,e,f,g,h,i)=a·b·c·d·e·f·g·h·i
FMul10(a,b,c,d,e,f,g,h,i,j)=a·b·c·d·e·f·g·h·i·j

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

The functionality was implemented into the Propeller multi-core microcontroller and the execution times were recorded for multiplying and adding a series of real numbers ranging from 0.0085 to 9.1234. These twenty numbers were kept
constant throughout the test. The highest applicable function
was used in all cases. For example, when FAdd10 was being tested, the code was as follows.
X = AB.FAdd10(A,B,C,D,E,F,G,H,I,J)
X = AB.FAdd10(X,K,L,M,N,O,P,Q,R,S)
X = AB.FAdd(X,T)
These results, shown in Figures 1 and 2, indicate that the
modified program is more efficient. Efficiency is defined
purely by execution time. For example, in Figure 1, the operation took 808us using the FMul function only, and decreased to 575us when FMul3 was used, yielding a 28.752%
improvement.

Similar code was added to the assembly language coprocessor for addition.
FAdd3(a,b,c)=a+b+c
FAdd4(a,b,c,d)=a+b+c+d
FAdd5(a,b,c,d,e)=a+b+c+d+e
FAdd6(a,b,c,d,e,f)=a+b+c+d+e+f
FAdd7(a,b,c,d,e,f,g)=a+b+c+d+e+f+g
FAdd8(a,b,c,d,e,f,g,h)=a+b+c+d+e+f+g+h
FAdd9(a,b,c,d,e,f,g,h,i)=a+b+c+d+e+f+g+h+i
FAdd10(a,b,c,d,e,f,g,h,i,j)=a+b+c+d+e+f+g+h+i+j

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)

Using the currently existing structure in the assembly language program, the above functions were added. However,
instead of duplicating the code for the IEEE-754 multiply
[3], [4] four times for the FMul4 command, the FMul command was used three times by the FMul4 command to complete the process all within the assembly language object.
While the communication overhead and register setup was
reduced when only one function call to the assembly language object was used, a trade-off was made through the use
of the other commands in the object in order to save
memory. Theoretically, the code could be altered to allow
each function a high level of self-reliance at the expense of
memory. This would improve the speed even more but,
along with increasing the memory size, would decrease the
ease of customizability. If further improvements in speed
were required the customizability could be compromised,
although the improvements would be minimal in comparison
to the improvements described herein.
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Figure 1. Multiplication efficiency improvements [3]

Figure 2. Addition efficiency improvements [3]
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Applications
There are many areas in embedded systems that may require large amounts of mathematics. Two examples of this
include matrix inversion and the Newton-Raphson iterative
method for systems of equations.
The Newton-Raphson method is a common iterative algorithm and can be used to solve for the inverse kinematics of
a manipulator [3], [5]. Inverse kinematics is the solution for
the angle of each axis in a robotic manipulator, when given a
Cartesian point in space with respect to a known coordinate
system at the base of the manipulator. For this application
the authors assumed a manipulator with three joints and D-H
parameters as follows:
Table 1. D-H Parameters of an example robot manipulator [5]

Link Length
a1 = 0 mm
a2 = 292 mm
a3 = 288 mm

Joint
Angles
θ 1= ?
θ 2= ?
θ 3= ?

Link
Twist
α1 = 90º
α2 = -90º
α3 = 90º

Joint
Distances
d1 = 78 mm
d2 = 43 mm
d3 = -29 mm

The improved assembly language math co-processor was
customized in the same manner as described above to assist
in solving this iterative algorithm, and its performance was
compared to the original (dyadic only) co-processor code in
Figure 3. This algorithm required 412 iterations for the specific initial guesses and given Cartesian point. Because the
microcontroller code was quite complicated, the given solution was validated using a known working implementation
of the algorithm in Matlab.
As expected, an actual application was not able to make
use of all of the available functions that were added to the
code in the previous section. The following functions were
implemented in the object to incrementally improve the
speed of the application.
FMul(a,b) and FAdd(a,b) (baseline implementation)
FMul3(a,b,c) and FAdd(a,b)
FMul4(a,b,c,d) and FAdd(a,b)
FMul4(a,b,c,d) and FAdd3(a,b,c)

The method begins with an initial estimate of the angles of

θ1 
 
each axis, q = θ 2 , and the goal point in Cartesian space,
 
θ3 
d X 
T =  dY  . From there, a Jacobian matrix is defined as
 d Z 
 ∂d X

 ∂θ1
 ∂Ti   ∂d Y
J =
=
 ∂q j   ∂θ1
 ∂d
 Z
 ∂θ1

∂d X
∂θ 2
∂d Y
∂θ 2
∂d Z
∂θ 2

∂d X
∂θ 3
∂d Y
∂θ 3
∂d Z
∂θ 3




 . (19)





The Newton-Raphson equation is then defined as follows:

( )

q i +1 = q i + J −1 q i δT .

(20)

The method continues with an initial guess, qi, used to compute the inverse Jacobian matrix and the error in Cartesian
space, δT, given the initial guess angles.
The Newton-Raphson method was applied to the example
manipulator and was programmed into the microcontroller.

Figure 3. Newton-Raphson performance improvements [7]

The Newton-Raphson method for a system of equations
was able to make use of the higher-order functions of Add
and Multiply. However, not all higher-level mathematics
done in an embedded system can make use of this. For example, a standard matrix inverse algorithm for square matrices, the Gauss-Jordan elimination method [6], would not
benefit from the above improvements. However, if one other function were created in the math co-processor, the inverse matrix would see an improvement in speed. A standard implementation of the matrix inverse algorithm was implemented such that matrix A (n x n) was concatenated with
the identity matrix of the same size to form [AI], then a series of row operations could create [A-1I]. Once implemented, this algorithm was tested for n = 4 through 10 and compared with results of Matlab to verify accuracy. While the
results were verified, no attempt to ensure numerical stability of the algorithm by pivoting was completed [7], rather
the basic inverse matrix algorithm speeds were of main consideration.
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As described above, the algorithm does not benefit from
equations (3) through (18) as it makes use of the row operation equations, (21) and (22), among others.

A(i, y )
A( y , j )
A( y , y )

(21)

A(i, j ) = A(i, j ) − A(i, y ) A( y , j )

(22)

A(i, j ) = A(i, j ) −

Because of the form of these equations, ( x = a + (-b*c) ),
a new function was created in the math co-processer to support this form in order to decrease the solve time. This implementation was the same as described above, a simple
function that made use of the FMul and FAdd functions
within the object. The algorithm was timed with a standard
implementation of a math co-processor and compared to the
time required when the new function was added. The results
are displayed in Figure 4. Once again, improvement was
defined only by the execution speed. For example, the inverse of a 10 x 10 matrix required 436.3ms before implementation of the added function in the math co-processor
and 385.8ms after the implementation. This represents an
11.57% improvement.

ingly, product developers are required to make them smaller,
cheaper, and faster with little to no design time and costs.
With a multi-core microcontroller, the ability to customize
the functionality of a co-processer with no added design cost
is invaluable. Not only are there no added design costs, but
code changes in the co-processor don’t affect the product
cost, the board layout, or the product size. With a potential
increase in algorithm execution speeds of over 50% and less
cost than a traditional math co-processor, this is an obvious
benefit.
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Conclusion
In this paper, the authors presented and demonstrated an
advancement in math co-processing for embedded systems
through the use of two algorithms requiring the use of floating-point math. Because many microcontrollers are not typically well-suited for floating point math, a math coprocessor has typically been used to supplement the main
processor. What should not be concluded is that a new
standard for math co-processors should be created that includes higher functionality. Rather, the ability to adapt the
standard implementation of a math co-processor into a customizable co-processor is highly desirable in an electronics
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A MACHINE LEARNING APPROACH FOR AUTOMATED
DOCUMENT CLASSIFICATION: A COMPARISON
BETWEEN SVM AND LSA PERFORMANCES
Tarek Mahfouz, Ball State University; James Jones, Ball State University; Amr Kandil, Purdue University

Abstract
The increasing sophistication and complexity of construction projects mandates extensive coordination between different parties and produces massive amounts of documents
in diversified formats. The efficient use of these documents
has become inevitably needed. The first step in making these
documents effectively usable is to create efficient classification methods. This paper proposes automated models for
construction document classification using Machine Learning (ML) methodology. To that end, Support Vector Machines (SVM) and Latent Semantic Analysis (LSA) were
utilized for the development of the aforementioned models.
The developed models were validated through overall classification accuracy and were compared against the Gold
Standard of human agreement measures. The adopted research methodology generated 16 SVM and 16 LSA models,
out of which the four with the highest accuracy were chosen.
These models attained relatively better results than previous
models in the surveyed literature. Overall accuracy ranged
from 71% to 91%.

Introduction
The U.S. Census data showed that the total construction
spending in 2007 was about $14 trillion [1]. This considerable amount of expenditure is constantly at risk due to the
dynamic nature of the construction industry and the increasing sophistication and complexity of construction projects.
These characteristics created a requirement for an extensive
amount of coordination between the different parties, and the
production of a massive amount of documents in diversified
formats. In an effort to facilitate use and re-use of
knowledge included in construction documents, Artificial
Intelligence (AI) is being used to address Knowledge Management (KM) practices. It has been extensively utilized to
enhance information models, document integration, and expert systems [2]. A wide range of studies were carried out
using AI techniques to develop automated and semiautomated tools to enable the utilization of textual data expressed in natural language through text mining, document
clustering, controlled vocabularies, and web-based models
[3-7]. Although those studies resulted in significant contri-

butions, none of them 1) investigated the development of a
generic model for unstructured document automated classification; and 2) utilized Latent Semantic Analysis (LSA).
Therefore, in an attempt to provide a robust document
classification methodology for the construction industry, the
authors developed automated classifiers through Support
Vector Machines (SVM) and Latent Semantic Analysis
(LSA). The analyses and models developed in this study
focused on two groups of construction documents. The first
is made up of documents with high variation in words like
transmittals, correspondences, and meeting minutes. The
second group relates to documents of low word variations
like construction claims and legal documents. To that end,
the adopted research methodology 1) investigated SVM and
LSA algorithms; 2) developed full and truncated feature
spaces for the document sets used; 3) developed 16 SVM
and 16 LSA automated classification models; 4) developed
two C++ algorithms to facilitate assigning a document to a
class prediction; and 5) tested and validated the developed
models. It was conjectured that this research stream would
help to relieve the negative consequences associated with the
lengthy process of analyzing textual documents in the construction industry. In addition, the achieved outcomes of this
research highlight the possibility of these techniques being
adopted for automated decision support in the construction
industry.
The rest of this paper details the following:
•

•

•

•

Literature Review: This section of the paper introduces the reader to previous research performed in the
field of construction decision support. It also provides background information about the concepts
of Support Vector Machines (SVM) and Latent
semantic analysis (LSA);
Methodology: This section highlights the details of
the adopted research methodology and describes
the different steps of implementation of SVM and
LSA model development;
Results and discussion: This section highlights the results attained and discusses their implications for
the current research; and
Conclusion.
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Literature Review
Over the last decade, researchers focused on developing
construction information integration tools that were designed
to work with structured data like CAD models and scheduling databases. However, a major portion of significant construction information is produced in semi-structured or unstructured formats like contract documents, change orders
and meeting minutes, all of which are normally stored as text
files [3], [4], [8]. Consequently, facilitating the use of these
documents through integrated methods has become a necessity to enhance project control, performance, and data reuse.
A number of research studies have addressed this issue. Ioannou and Liu [5] proposed a computerized database for
classifying, documenting, storing and retrieving documents
on rising construction technologies. Kosovac et al. [9] investigated the use of controlled vocabularies for the representation of unstructured data. Scherer and Reul [10] utilized textmining techniques to classify structured project documents.
Caldas et al. [3] and Caldas and Soibelman [4] used information retrieval via text mining techniques to facilitate information management and permit knowledge discovery
through automated categorization of various construction
documents according to their associated project component.
In addition, Caldas et. al. [11] proposed a methodology for
incorporating construction project documents into project
management information systems using semi-automated
support integration to improve overall project control. Ng et
al. [6] implemented Knowledge Discovery in Databases
(KDD) through a text-mining algorithm to define the relationships between type and location of different university
facilities, and the nature of the required maintenance reported in the Facility Condition Assessment database.

For a binary linear separation problem, a hyper-plane is
assigned to be ƒ(x) = 0. With respect to equation 1, the vectors w (weight vector) and b (functional bias) are the parameters that control the function of the separation hyper-plan
(refer to Figure 1). In addition, x is the feature vector, which
may have different representations based on the nature of the
problem. Within the context of the current research, the input feature space X constitutes the training documents that
are defined by the vectors x and o in Figure 1.
In the development of the proposed SVM models, a problem emerges if the data are not linearly separable. Assigning
an unstructured document to a specific class cannot be represented by a simple linear combination of its content words.
Consequently, a more sophisticated, higher dimension space
is needed for the representation of the current problem in
order for it to be linearly separable. As the literature in this
field suggests, Kernel representations provides a solution to
this problem by transforming the data into a higher dimensional feature space to enhance the computational power of
linear machine learning [12]. As shown in equation 1, the
representation of a case in the feature space for linear machine learning is achieved as a dot product of the legal factors, vector (x), and the weight vector, (w). By introducing
the appropriate Kernel function, cases are mapped to higher
feature space (equation 2 and Figure 1) transforming the
prediction problem from a linearly inseparable to a linearly
separable one. In this manner, the input space X is mapped
into a new higher feature space, F={Ø(x)|x, where Ø is the
kernel transformation function.
x=(X1, …., Xn)→Φ(X)=(Φ1X1, …., ΦnXn)

(2)

Support Vector Machines (SVM):
The following is a descriptive background of the Support
Vector Machines concept. SVM classification aims to find a
surface that best separates a set of training data points into
classes in a high dimensional space. In the current research,
it aims to define the construction subject pertinent to each of
the training documents based on the word representation in
its content. In its simplest linear form, a SVM finds a hyperplane that separates a set of positive examples (documents
belonging to a construction subject) from the set of negative
examples (documents not belonging to the same construction
subject) with a maximum margin. Binary classification is
performed by using a real-valued hypothesis function, equation 1, where input x (document) is assigned to the positive
class (Specific Subject) if ƒ(x)≥0; otherwise, it is assigned to
the negative class.

Y = <w.x> + b
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(1)

Figure 1. SVM Kernel Transformation and Classification

Latent Semantic Analysis (LSA):
Unlike SVM, “Latent Semantic Analysis (LSA) is a theory and method for extracting and representing the meaning
of words” [13]. It attempts to model the mechanism of exactly how words and passage meanings can be constructed from
experience with language. A corpus of related text imposes
constraints on the meaning and semantic similarities of a
(1)
word. For example, a word like “bank” can mean “river
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side” or “institution for financial transactions”, based on the
constraints imposed by the rest of words within a body of
text. The theory of LSA hypothesizes that the meaning of a
text is conveyed by the words from which it is composed.
Therefore, it is based on determining the meaning of a word
by solving these constraints in a mathematical form by utilizing linear algebra, particularly Singular Value Decomposition (SVD).
LSA is based on the concept of Vector Space Model implemented by SVM. However, the main advantage of LSA is
that it utilizes a truncated space in which the number of features is decreased. LSA represents word and passage meanings in a form of mathematical averages. Word meanings are
formulated as an average of the meaning of all the passages
in which it appears, and the meaning of a passage as an average of the meaning of all the words it contains. LSA methodology applies SVD for the reduction of dimensionality in
which all of the local word context relations are simultaneously represented. Unlike many other methods, LSA employs a preprocessing step in which the overall distribution
of a word, over its usage contexts, is first taken into account
independent of its correlations with other words. It then implements three well-defined steps.
First, text documents within a training corpus are represented in the form of maa trix (Figure 2). Each row of the
developed matrix demonstrates a specific word in the training corpus. Each column of the matrix stands for a text document. Each cell contains the frequency with which the
word of its row appears in the passage denoted by its column
[13]. Often, the number of features, m, is much higher than
the number of documents, n, within the collection. The developed m by n matrix will contain zero and nonzero elements. Generally, a weighing function is applied to nonzero
elements to give lower weights to high-frequency features
that occur in many documents and higher weights to features
that occur in some documents but not all [14]. Weighing
functions are of two types; namely, local and global. The
former relates to increasing or decreasing a nonzero element
with respect to each document. The latter relates to increasing or decreasing a nonzero element across the whole collection of documents.
Second, SVD is applied to the developed matrix to
achieve an equivalent representation in a smaller dimension
space [15]. With SVD, a rectangular matrix is decomposed
into the product of three other matrices (Figure 2). One
component matrix describes the original row entities as vectors of derived orthogonal factor values, another describes
the original column entities in the same way, and the third is
a diagonal matrix containing scaling values such that when

the three components are matrix-multiplied, the original matrix is reconstructed [16].
Third, the number of features adopted for analysis is determined (Truncation). Since the singular value matrix is
organized in ascending order based on the weight of each
term, it is easy to decide on a threshold singular value below
which term significance is negligible (refer to Figure 3) [17].
For an original matrix A with rank k, a newly truncated matrix Ak can be formulated by the dot product illustrated in
equation 3.

where:
•
The term-document matrix X represents how important a
term is in a given document.
•
Σ is a diagonal matrix representing the weights of the
concepts. Usually, the SVD algorithm produces a Σ with
σ1>σ2>...>σk > 0.
•
The columns of U are the terms in concept space and the
rows of V are the documents in the concept space. Since
SVD is used, U and V are unitary matrices; that is, the
rows of U and the columns of V are of unit length and are
pairwise orthogonal.
•
Not all concepts are necessarily used. Only those with
sufficiently large singluar values (i.e. σ-s) may be selected. The resulting matrix is the best low-rank approximation to X in Frobenius norm.

Figure 2. Matrix Representation in LSA [18]

(3)

Figure 3. K Dimensional Space Representation in LSA [18]

By representing any document in the generated concept
space, it is then possible to calculate "distance" on the set of
such document representations, thus computing whether two
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such representations are close, which usually implies that the
documents themselves are related.

Methodology
The following sections of the paper describe the different
steps of developing, implementing, and validating the machine-learning models. The adopted research methodology
under the current task was composed of four main stages, as
illustrated in Figures 4 and 5. These stages wer defined as 1)
Corpus Development; 2) Feature Space Development for
LSA and SVM; 3) Model Design and Implementation; and
4) Model Testing and Validation.

that end, the first group was made up of two subgroups; the
first included 300 correspondences and the second was made
up of 150 meeting minutes. Furthermore, the second group
had 25 claims and 300 DSC cases as its first and second
subgroups, respectively. The documents pertinent to the correspondences, meeting minutes, and claims were gathered
from a number of projects that were performed around the
world. However, the DSC cases were gathered from the
Federal Court in New York due to the abundance of cases.
They were compiled using LexisNexis, a web legal retrieval
system.

Start

Tru n ca ted Fea tu re S pace D ev elopm ent
Develo p ing 16 feat u re sp a ces
4 s p aces o f size 5
4 s p aces of size 10
4 s p aces of size 15
4 s p aces of size 20

D evelo ped
Sp aces

Valid at ion S ch eme 1
Tes ting f or b est spa ce in te rms
o f pr edictio n accu racy of the
mo s t s imilar d oc ume nts

B est space f or
each subg ro up
of d ocu men ts

Gol d B ase Lin e
D efin ing rate of h um an
ag reem ent

1)
2)

Valid at ion S ch eme 2
D ev elop ing C++ algo rith m
T estin g pr edictio n
ac cu ra cy of b est d eve lo pe d
s p aces f or au tom ated
d ocu men t cl assific ati on

A uto mated
doc ume nt
cl ass ifier
me asu res

End

Figure 4. LSA Research Methodology

Corpus Development:
The current research task was concerned with two types of
unstructured documents of high and low word variations. To
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Figure 5. SVM Research Methodology

LSA Feature Space Development:
Feature space in LSA was defined by the number of features that are used to represent a document as a vector. Under the current research task, features were defined as words
contained within a document. The literature related to LSA
truncated feature-space development highlights that for dispersed datasets, large feature-space sizes of 100 to 500 were
appropriate [15]. On the other hand, a smaller feature space
of 7 to 10 would be appropriate for a set of documents con-
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cerning closely related topics [19]. In earlier work by the
authors, it was found that a feature space of size 10 was the
best for representing a corpus of Differing Site Conditions
(DCS) cases [20], [21]. The present research developed four
truncated feature spaces utilizing 5, 10, 15, and 20 features.
To that end, the four feature spaces were developed and tested for each subgroup of documents, yielding 16 models.

SVM Feature Space Development:
The computational capability of SVM allows for the development of feature spaces without implementing truncation. Consequently, feature spaces were developed for each
of the groups tested. Although each document implicitly
included the required knowledge in the form of words and
phrases to perform the classification analysis, it also included textual representations that were not related to the topic.
Including these words in the analysis hinders the performance of the SVM classifier. As a consequence, an initial
preparation step was needed. This step involved preparing
the collected dataset in an appropriate manner to enhance the
analysis. The processing step included data cleaning, data
integration, and data reduction [6]. For more illustrations,
textual representation of documents might include frequent
words that carry no meaning, misspelled words, outliers,
noise, and inconsistent data. While data processing was performed on each textual case representation separately, data
integration was performed over the entire dataset. In this
step, the entire processed dataset was stored in a coherent
manner that would facilitate their use for further analysis.
While the integrated data might be very large, data reduction
can decrease the data size by aggregating and eliminating
redundant features.
To perform the aforementioned sub-steps, an algorithm
was developed and implemented in C++. The basic principle
of the developed program was to represent each document as
a vector of certain weighted word frequencies. The parsing
and extraction steps implemented by the algorithm are as
follows: 1) Extract all words in a document; 2) Eliminate
non-content-bearing words, also known as stopwords [10];
3) Reduce each word to its “root” or “stem”, eliminating
plurals, tenses, prefixes, and suffixes; 4) For each document,
count the number of occurrences of each word; and 5) Eliminate low-frequency words [6], [14]. Low-frequency words
are those that were repeated less than three times in a document. The output of the implementation of this algorithm
was w unique words remaining in d unique documents; a
unique identifier was assigned between 1 and w to each remaining word, and a unique identifier between 1 and d to
each document, resulting in a term-frequency (tf) matrix.

However, mere representation of significant words in the
form of (tf) was not sufficient to accurately extract the required knowledge from the document corpus. For example, a
word like “construction” might exist in all processed documents in high (tf). However, a decision must be made about
whether this word would help assign the topic to a specific
subject or not. Consequently, an appropriate weighting
mechanism had to be implemented in order to create a representative matrix of these documents within the entire dataset.
Literature in the field of ML and text mining illustrated the
effectiveness of alternate term weighting schemes like logarithmic term frequency (ltf), augmented weighted term frequency (atf), and term frequency inverse document frequency (tf.idf) (equation 4) [3], [22]. Earlier research by the authors illustrated the superiority of the tf.idf weighing scheme
over the others [20], [21], [23], [24]. As a result, tf.idf
weighing was adopted for the current research. This C++
algorithm implemented the required calculations, as per
equation 4, to formulate the final matrix of each set of documents.
(4)

LSA Model Design and Implementation:
The following is a description of the steps of the LSA algorithm implemented for development of the automated
document classifier. The algorithm starts with an argument,
or filename, which is the name of the file or directory to be
parsed. The algorithm moves sequentially through each
document, extracting relevant features or words, and excluding irrelevant ones which are included in a predefined list of
words and characters. It converts all letters to lower case. It
is worth mentioning that features that are not included in the
common word list are considered to be relevant only if they
are comprised of more than two characters. In addition, features of more than 20 characters are truncated to a maximum
size of 20 characters.
After extracting relevant features and associating each one
with the document it was extracted from, the algorithm begins calculating term weights. The global weights of the
terms are computed over the collection of documents. By
default, only a local weight is assigned and this is simply the
frequency with which the term appears in a document. The
algorithm implements two thresholds for term frequencies:
Global and Local [25]. The implementation parameters of
the algorithm are defined so that the global and local thresholds are both 2. A term must appear more than two times in
the entire collection and in more than two documents in the
collection before it will be weighted. Next, the local weights
of the features are computed. Each word weight is the prod-
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uct of a local weight times a global weight. Next, the algorithm creates a term-by-document matrix using the HarwellBoeing sparse matrix format. The algorithm finally performs
SVD decomposition.
Sixteen truncated feature spaces were generated. Each
truncated feature space was generated with a local threshold
of Log function and a global threshold of Entropy function.
The Log function (equation 5) decreases the effect of large
differences in term frequencies [13]. The entropy function
(equation 6), on the other hand, assigns lower weights to
words repeated frequently over the entire document collection, as well as taking into consideration the distribution of
each word frequency over the documents [13]. These thresholds were adopted for the current analysis due to their success over other types of threshold combinations and in earlier research performed by the authors [20]. Dumais illustrated
that the log-entropy threshold combination attained 40%
higher retrieval precision over other threshold combinations
[17].
(5)
(6)
where tfij is the word frequency of word i in document j, and
gfi is the total number of times that the word i appears in the
entire collection of n documents. General Text Parser (GTP)
windows version, developed by Stefen Howard, Haibin
Tang, Dian Martin, Justin Giles, Kevin Heinrich, Barry Britt,
and Michael W. Berry, was utilized for the implementation
of LSA feature spaces development. GTP is a generalpurpose text parser with a matrix decomposition option
which can be used for generating vector-space information
retrieval models.

SVM Model Design and Implementation:
The proposed research methodology developed and compared the outputs of 16 SVM models as follows: 1) four 1stdegree polynomial kernel SVM models; 2) four 2nd-degree
polynomial kernel SVM models; 3) four 3rd-degree polynomial kernel SVM models; and 4) four Radial Base Function
(RBF) SVM models. Validation of the best developed model
was based on prediction accuracy. Since the analysis was
aimed at automatically classifying each document as a specific topic, each model was developed as a multiple classifier. In other words, each document was tagged with a known
topic. In the training stage, the SVM classifier learns the
latent relation between the existing word matrix and the
tagged topic. The learning process is then performed on a
10-fold cross-validation mechanism. For more elaboration,
the set of training data is divided into 10% and 90% portions
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in each fold. The model is trained on the 90% and tested on
the other 10% cases. The process is done in an iterative
manner until the model is trained and tested over the whole
set of cases. The prediction accuracy of the model is developed as the average accuracy attained among all folds and
the Kappa as the measure of agreement between all folds.

LSA Model Testing and Validation:
The developed LSA models were tested and validated
based on correctly predicting the subject matter of newly
introduced documents from each subgroup. A C++ algorithm was developed to perform the validation. The implementation of the algorithm performed four steps. First, each
document in the feature space was tagged with a subject
matter. The algorithm iterates sequentially through the documents storing the document number and its corresponding
subject matter. Second, the LSA algorithm was implemented
to extract the closest set of documents to the newly tested
one. A prediction accuracy threshold of 97% was considered. In other words, any document retrieved at a similarity
measure of less than 0.95 was disregarded. The algorithm
was set to retrieve a document number and similarity measure (prediction accuracy %). Third, the algorithm read
through the document number attained from the LSA implementation and retrieved the subject matter of each document. Fourth, it reported the subject matter of the newly
tested documents by two means. The first was reported as
the most repeated subject matter. The second was reported
as subject matter and weights, which are calculated based on
the frequency of repetition of each subject among the retrieved documents. The reported outputs were compared
against manual tagging of the newly tested document to decide on the most accurate method.

SVM Model Testing and Validation:
Each of the developed SVM models was tested with a
newly un-encountered set of documents from each subgroup.
The testing and validation was performed in three steps.
First, the new documents were converted to a tf.idf matrix as
if they had been part of the original training corpus. This
step was essential to allow for an accurate representation of
the documents in the developed feature spaces. A C++ algorithm was developed to perform this step. Second, the
trained models were run utilizing the newly developed matrixes. Third, automated assignment of topics or prediction
was reported by the models. Similar to LSA testing and validation, the output of the models was compared to manual
tagging of the newly introduced set of documents for each
group.
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The outcomes of the implementation of the aforementioned methodology are illustrated in Tables 1 and 2, and
Figure 6. The discussion of these results in the following
sections of the paper relates first to defining the complexity
of the problem in hand based on understanding human performance in similar situations; second, to comparing the
prediction accuracy of the LSA models to that of humans
and derives their strengths and weaknesses; and third, to
comparing the results of the developed SVM models in a
similar manner to LSA.

Golden Standard:
The first step under this subtask was to establish a Golden
Standard of human agreement to which the performance of
this new model was to be compared. To that end, a set of
eight volunteers, comprised of assistant professors, graduate
students, and undergraduate students in construction engineering and management programs, was utilized to set the
base level of human agreement. It was assumed by virtue of
the occupations of the participating volunteers that they
possed enough knowledge about construction practices and
documents to be valid selectors. Each volunteer was provided a set of documents from each subgroup and asked to classify them according to similarities under related topics of
his\her determination. A document was considered to be
classified correctly under a specific topic if three or more
persons agreed on the document’s topic [8]. The average
agreements between participating members in regards to
each set of documents are illustrated in the third column of
Table 1. It is evident from the table that the lowest human
agreements were attained in relation to meeting minutes and
claims. This was attributed to that fact that these documents
are usually comprised of a set of aspects that could not be
defined under a specific title. A construction claim, for example, might include different causes of disputes that might
not be related in nature.

LSA:
The best results among all developed models are reported
in Table 1. The fourth column defines the best achieved prediction accuracy of the model. The accuracy was defined as
the percentage of correct predictions attained. The fifth column defines the truncated feature-space size corresponding
to the best accomplished prediction accuracy.

Table 1. Golden Baseline of Human Agreement and LSA
Results
Average
Agreement
Between Humans

Prediction
Accuracy of
LSA Models

LSA Truncated Feature Space
Size

Correspondence

97%

91%

20

Meeting
Minutes

89%

80%

20

Claims

91%

85%

10

DSC Cases

94%

87%

10

Document Type

Group 2 Group 1

Results and Discussion

As can be noted from Table 1:
1. The highest precision accuracy of the developed truncated feature spaces was 91% attained with respect
to the classification of correspondences.
2. The lowest precision accuracy of the developed truncated feature spaces was 87% attained with respect
to the classification of meeting minutes.
3. The prediction accuracy of the developed feature
spaces was 6% to 9% lower than the humanagreement levels (refer to Figure 6).
11%

12%

11%

9%

10%

7%

8%

6%

6% 6%
6%

LSA
SVM

4%
2%
0%
Corresp.

Meet. Min.

Claims

DSC Cases

Figure 6. Variation Between LSA and SVM Prediction Models
and Human Agreements

It could be deduced from the above results that the developed model was consistent with the human prediction. Both
attained the highest prediction and agreements in regards to
correspondences and the lowest in regards to meeting
minutes. The results were attributed to the fact that the first
group of analyzed documents was comprised of highly variable terms. Correspondences and meeting minutes do not
follow well-standardized sets of guidelines like legal terms.
On the other hand, they were comprised of natural-language
representations of human thoughts, meanings and intentions
that were represented in the form of words. In addition,
meeting minutes usually address a variety of topics and issues, which increases the complexity of the analysis. Consequently, a larger truncated feature space is required to capture the variability in the linguistic representations. Addi-
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tionally, the second group of analyzed documents was made
up of words that follow structured and standardized formats,
like legal and formulated engineering terms,which decreased
the complexity of the analysis and yielded better prediction
accuracy at a lower truncated feature space.

SVM:
Table 2 illustrates the results of the SVM models. A closer
examination of the results shows that the performance of the
SVM models was consistent with average human agreement
and LSA models. The highest predictions were achieved in
relation to correspondences and the lowest in relation to
meeting minutes. Such results could be attributed to the
complexity of the documents analyzed as mentioned earlier.
It can also be seen that the performance of the developed
SVM models was less than the LSA models. This outcome
was attributed to the computational capacity of SVM classifiers. Support Vector Machine (SVM) is a state-of-the-art
classification and regression algorithm, which implements
strong regularization techniques; that is, the optimization
procedure maximizes predictive accuracy while automatically avoiding over-fitting of the training data [26]. Furthermore, the transformation of the data into a higher dimension
space through Kernel estimation provides the strength of the
SVM model in solving this complex problem. On the other
hand, the analysis utilizes sets of documents ranging from 25
to 300 documents and considered a large number of features
of more than 2000 terms. The fact that the number of cases
is less than twice the number of features deteriorates the
active learning feature of SVM. “Active learning forces the
SVM algorithm to restrict learning to the most informative
training examples and not to attempt to use the entire body
of data” [27].

1st
Degree
Poly.
Kernel
SVM

2nd
Degree
Poly.
Kernel
SVM

3rd
Degree
Poly.
Kernel
SVM

Radial
Base
Function
(RBF)

Group 1

Correspondences
Meeting
Minutes

84%

89%

91%

87%

71%

72%

78%

72%

Group 2

Table 2. SVM Prediction Accuracy

Claims

71%

74%

79%

72%

DSC
Cases

80%

83%

83%

79%

Document
Type

Conclusion
In this study, the authors proposed a methodology for automating document classification for the construction industry through machine learning. To that end, the adopted research methodology tested the suitability of Support Vector
Machines (SVM) and Latent Semantic Analysis (LSA) for
the task. Sixteen SVM and 16 LSA models were developed
out of which the models with the best prediction accuracy
were adopted. The set of documents utilized for model development, testing, and validation included 300 correspondences, 150 meeting minutes, 25 claims, and 300 DSC cases.
The outcomes of this research highlight the following:
•

•
•

•

•

•

The outcomes discussed in this paper illustrate the potential of these ML techniques to be adopted for automated
document classification. It was conjectured that this research
line will help in relieving the negative consequences associated with the lengthy analysis and classification of documents in the construction industry.
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SIX SIGMA-BASED QUALITY CONTROL LABORATORY
FOR ENGINEERING AND TECHNOLOGY EDUCATION
INNOVATION
Richard Y. Chiou and Michael Mauk, Drexel University; Yongjin Kwon, Ajou University

Abstract
The use of modern sensors and data-acquisition instrumentation for monitoring and control-manufacturing processes was implemented into laboratory practices in undergraduate classes on gauging, measurement, inspection, diagnostic systems, and quality control at Drexel University. The
network hardware and software components were integrated
with quality methodologies to achieve maximum effectiveness in teaching E-quality concepts in various courses, including MET 204 Applied Quality Control, MET 310 Advanced Robotics and Mechatronics, and INDE 470 Engineering Quality Methods. In INDE 470, laser machining of
plastics (acrylics) for applications to microfluidic ‘lab-on-achip’ devices offered an instructive and practical case study
to teach Six Sigma Quality Assurance concepts and methods
to Engineering Technology (ET) students. A 10-week upper-level undergraduate course was developed that included
a classroom component with lectures on Six Sigma principles and methods, combined with hands-on laboratory sessions that included product manufacture (laser machining of
acrylic) and quality assessment measurements to support
experimental design and data analysis in a Six Sigma
framework. Students made various measurements of lasermachined parts using a coordinate measuring machine
(CMM) and machine vision (i.e., a CCD camera with imageprocessing software). Students then analyzed measurement
data to compare measurement techniques (Gage R&R), establish part variations, correlate quality metrics with laser
processing parameters, and optimize the laser-machining
process using Design of Experiments.

Background
Undergraduate Engineering Technology (ET) curricula in
Mechanical Engineering, and Industrial or Manufacturing
Engineering have traditionally included courses in Quality
Methods and Statistical Process Control. For example, the
Drexel ET program features several courses in Statistical
Process Control and Quality Engineering, including an upper-level course, INDE 470 “Engineering Quality Methods.”
The course syllabus was comprised of topics on statistical
distributions, probability plots, hypothesis testing, regression

and correlation, control charts, ANOVA, and Process Measurement and System Capability Analysis. The INDE 470
course syllabus was modified to introduce students to Six
Sigma concepts and teach Engineering Quality with emphasis on Six Sigma methodologies. Six Sigma is a data-driven,
quality assurance and process-improvement system to identify root causes and solve quality-related problems in manufacturing using statistical analyses and other techniques. Six
Sigma provides a ‘toolbox’ of statistical methods and other
techniques that can be systematically applied to eliminate or
drastically reduce defects and enhance quality (reduce variations) in manufacturing and service operations.
Six Sigma was pioneered by Motorola in the 1980s and is
now well-established in many industries. Companies utilizing Six Sigma include Agilent, Boeing, DuPont, Ford, General Dynamics, General Electric, and Honeywell. Six Sigma
is also increasingly employed in-service sector industries
including banking and finance, healthcare and education [13]. There is considerable literature on Six Sigma including a
large number of books suitable as texts or supplemental
readings for undergraduate courses offered in Bachelors of
Engineering or Engineering Technology programs. For the
INDE 470 class, Six Sigma reading materials were selected
from sources listed in the references. Six Sigma courses and
training programs are increasing in popularity. For example,
Drexel University offers Six Sigma classes to industry professionals as continuing education courses in a ten-week allday Saturday format.
There are also numerous consulting firms that market onsite Six Sigma programs to industry, as well as on-line
courses offered by various academic institutions. Students in
these courses can gain credentials through Six Sigma Certification. Despite its prevalence in industry, Six Sigma is not
commonly encountered in undergraduate engineering and
technology curricula. Nevertheless, it should be noted that
many components of the Six Sigma approach are standard
statistical techniques taught in traditional engineering courses. Therefore, the topical coverage of a Six Sigma course
need not deviate from those typically covered in the conventional engineering curricula. Instead, the presentation of topics, and in particular their integration into a Six Sigma program, are tailored according to the standard format of Six
Sigma courses offered to industry. In Engineering Technol-
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ogy programs, the emphasis is on hands-on problem solving.
Accordingly, the authors developed a laboratory case study
where students made measurements, and collected and analyzed data using Six Sigma methods [4].
The Six Sigma approach provides a programmed structure
for rational implementation of statistical methods in order to
1) identify value-added attributes and features according to
customer preferences, 2) validate or discover key process
variables that impact these value-added features, 3) estimate
capabilities in achieving quality objectives, and 4) to provide
methods that establish, improve, and control processes in
order to achieve and maintain quality objectives. Specifically, a project to improve quality of a particular product or
process proceeds through five stages termed Define, Measure, Analyze, Improve, and Control (DMAIC) [5], [6]. Various quality and statistical methods are applied at each stage
(see Table 1). The initial Define stage defines the problem
by identifying features or aspects in a product that provide
value to the customer, and the key process variables or design features that impact these value-added aspects of the
product. A common method to achieve the Quality Function
Deployment (QFD) is the House of Quality diagram (Figure
1), which maps customer needs and priorities onto relevant
design features and process variables, and can be used to
prioritize design and processing variables and delineate correlations, interactions, and conflicts between variables.
Table 1. Stages of the Six Sigma program
Six Sigma Methods
1. Define
2. Measure
Benchmarking, PMEA,
IPO Diagram, Kano’s
Model, Knowledge
Based Mgt, Project
Charter, SIPOC Model,
Quality Function Deployment, Voice of
Customer, Task Appraisal/Task Summary,
Value Stream Mapping.

Confidence Intervals,
Measurement System
Analysis, Nominal Group
Technique, Pairwise
Ranking, Physical Process Flow, Process Capability Analysis, Process
Observation, Time Value
Map, Value Stream
Mapping, Waste Analysis, Gage R&R

4. Improve

5. Control

DFSS, DOE, Kanban,
Mistaken Proofing,
PF/CE/CNX/SOP,
Standard Work, Takt
Time, Theory of Constraints, Total Productive Maintenance, Visual
Management, Workcell
Design, 5S Workplace
Organization

Control Charts, Control
Plan, Reaction Plan, Run
Charts, Standard Operating Procedures

3. Analyze
Affinity Diagram,
Brainstorming, Cause
& Effect Diagram, etest, F-test, Fault Tree
Analysis, FMEA
Histogram, Historical
Data analysis, Pareto
Chart, Reality, Regression Analysis, Scatter
Diagram, t-test, Thermatic Content Analysis, Turkey End Count
Test, 5 Whys

Six Sigma Case Study
In industrial settings, participants in a Six Sigma program
can select actual quality problems from their work as case
studies on implementing Six Sigma methods. For under-
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graduate students who likely are not employed in a situation
that readily presents good problems for application of Six
Sigma methods, a simulated case study is more appropriate
[7-11].

Figure 1. House of Quality in Design Stage of Six Sigma Case
Study of laser machined workpieces

Figure 1 shows an example of a completed House of Quality analysis for the present case study. In the following
Measure stage, various performance metrics are assessed,
and interpreted in the subsequent Analyze stage. During the
Improve or Implement Stage, the process can be optimized
using Design of Experiments and other techniques. In the
Control stage, methods to sustain quality improvements
gained in the previous stages are formulated and implemented.

Figure 2. Overview of Six Sigma Case Study

An overview of the Six Sigma project for the Case Study
described here is shown in Figure 2. The product of interest
is a plastic lab-on-a-chip made by a laser-machining process
which can be optimized by Design of Experiments and as-
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sessed by CMM and machine-vision measurements of lasermachined parts. The measurement data were analyzed using
Six Sigma methodologies. Figure 3 shows a flow chart for
measurements in a scheme to compare the usefulness of
CMM versus machine-vision assessment of product quality.
CMM measurements are considered more accurate, but more
tedious (requiring much handling) and time consuming.
Machine-vision measurements are faster and can be more
easily automated. However, machine-vision measurements
are not as accurate. Therefore, one objective of this case
study was to correlate and compare data by these two measurement techniques [12], [13].

In this study, the authors used laser machining to cut
acrylic plastic sheets for application to microfluidic devices.
Acrylic plastic is clear or contains coloring agents and,
therefore, the opacity of the plastic stock was also a process
variable. Laser machining was performed in a Universal
Laser Systems (Tempe Arizona) Model X-660. Workpiece
patterns drawn in AutoCAD can be directly downloaded
into the Laser Machining system. Acrylic (PMMA) sheets
ranging from 0.1mm to 1mm in thickness were used as
stock. Microfluidic chips can be fabricated as a composite
structure. Figure 4 shows a schematic of the laser-cutting
operation.
Acrylic (plastic) sheets approximately 6mm thick were
machined with an array of circular and rectangular holes
using the Universal Laser Systems Model X-660. The circular hole diameter was approximately 20mm, and the approximate square rectangular hole had a width of about 18mm.
An AutoCAD™ drawing was used to design the hole pattern. Each circular or rectangular hole of an array was nominally the same. The test patterns are shown in Figure 5.

Workpieces

Figure 3. Flow-chart for measurements in laboratory sessions

Laser Machining of Acrylic Plastic
Laser machining can be used for both rapid prototyping
and production. The relevant laser-machining parameters are
the scanning speed and power of the laser.

Figure 5. Test patterns and workpieces made by laser cutting
on the acrylic sheet

kerf width (Gap)

Figure 4. Schematic of Laser Cutting Process

The CO2 laser has variable power and (travel) speed. It
was assumed that the reproducibility, accuracy, and precision of the cut may depend on laser power, travel speed, type
of material, and material thickness, among other variables.
For each combination of power and speed setting, twelve
circular and twelve rectangular holes were cut in a sheet.
The acrylic sheet was of two types: clear and black. Normally, the color would not be a significant factor in machining material, however, it was conjectured that the optical
absorption of laser light might differ between the two types
of acrylic and, therefore, the quality of the cut might depend
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on the color of the material. Table 2 summarizes the lasercutting data.
Table 2. Summary of Laser Cutting Parameters
Set
Material
Power (Watt)
Speed (mm/s)
A

Plexiglas MC

60

1.4

B

Plexiglas MC

60

0.7

E

Plexiglas MC

60

0.3

H

Plexiglas MC

45

0.3

I

Plexiglas MC

36

0.3

Calibration Algorithm
To calibrate the machine-vision measurement system,
sample data were compared with the standard CMM target.
The data were then fit to a line and the equation of the line
was stored for later use. To judge the quality of a linear fit
without being able to see a graph of the data, an R-Squared
(R2) value was calculated as well. The R2 value represents
the proportion of variation in the response data explained by
the predictors. This means that the higher the R2 value, the
greater the chance that the index alone will describe the
measured value. Mathematically, the R2 value is literally the
square of the correlation coefficient value R. The correlation
coefficient can be derived using the following equation:

rxy =

∑ ( xi − x )( yi − y )
(n − 1) s x s y

with an average of x =

1 n
2
∑ ( xi − x )
n − 1 i =1

The use of the CMM for the tasks at hand was demonstrated by the teaching assistant. The students, working in
groups, collected data for some assigned subset of the workpieces. Data was entered into an EXCEL spreadsheet for
analysis. Figures 6(a) and 6(b) show details of the measurement step with the CMM probe contacting the lasermachined features of the acrylic test piece. Replicate (10X)
measures on a single hole to ascertain the variance of the
measurement process were made. The variance was denot2
ed as σ meas
. The variance of measurements for a set of holes
2 , was then found from the observed
in the workpiece, σ wp

(1)
2
2
2
σ obs
= σ meas
+ σ wp

(2)

1n
∑ xi , where n is the number of
ni =1

sample data.
The line equation that is required is of the form y = mx +
b, where m is the slope and b is the intercept. The slope is
found first using m = r Sy/Sx. The r is the same one that was
calculated as the correlation coefficient earlier. The slope is
then used in the calculation to find the intercept using b = y
− m x . This linear equation works when the measurement
value is in bits like the trial or as volts like what was used
from this point forward in the study.
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A TESA (Renens, Switzerland) coordinate measurement
machine (CMM) was used to dimension the workpiece features. A CMM is an instrument for dimensional measuring.
It is a machine that is used to move a measuring probe to
obtain the coordinates of points on an object surface. These
machines are commonly used to measure the dimensions of
target objects. For any machined part, a number of metrics
(dimensions, angles, or other geometric features) can be
measured as indicators of function, conformance, or quality.
For circular holes, the diameter, cylindricity, and roundness
are measured. For rectangular holes, two widths, as well as
the edge angle are measured.

2
variance σ obs

where the standard deviation of the population is estimated
using

σ=

Dimensional Measurements of Laser
Machined Acrylic Parts

(3)

which takes into account the inherent variance of the measurement process.
For several laser settings (power and speed), types of sheet
material (clear acrylic, black acrylic, fiberboard), and both
sets of holes (rectangular and circular) measurements for at
least two metrics (e.g, diameter, roundness, cylindricity,
widths, etc.) were made. There were n = 12 data points for
each group. In each case, mean and variance were calculated. The data from the class was pooled so that a single
common spreadsheet contained data for all the conditions
shown in Table 2. The students were asked to solve the following questions and tasks: 1) Determine if the data appear
to be consistent with a normal distribution (make a plot or
histogram) in the twelve data points in any set of data, 2)
Perform an ANOVA to determine if there is any significant
difference in the means of measurements for different lasercutting conditions and materials, 3) Use a t-test to test for a
significant difference in means between several pairs of
groups, 4) Use an F-test to test for a significant difference in
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standard deviations between several groups of measurements, and 5) Interpret data and statistical analyses if the
laser power and speed, or material, have any impact on quality (variance).

software, 2) camera: Smart Image sensor model 454C with
LED illumination, 3) image-processing software: Intellect,
4) works on contrast (difference in intensities of pixels) in 2D plane; gray scale 1 255 levels, 5. 640 x 480 pixels = 307
K, and 6. 1280 x 1024 pixels = 1.3 million.
For the square test patterns, the probe was moved just below the surface of the acrylic sheet and touched three times
on each opposing side of the hole, as shown in Figure 8. For
the round test patterns, the probe was moved just below the
surface of the acrylic sheet and touched 8 to 10 times outward around the circumference (the blue and red arrows).
The data points (diameter and roundness) were displayed
and recorded by the CMM.

(a)

(b)

Figure 6. Detail view of CMM probing of laser machined
acrylic test pieces

Machine-vision Measurement
In addition to the CMM measurements, similar sets of
measurements on the same laser-machined test pieces were
performed using machine-vision inspection. The machinevision set-up was comprised of a CCD camera connected to
some electronics and a PC with image-processing software
(Figure 7). Machine-vision packages for the Cognex DVT
540 computer-vision system were configured as a set of
tools for Internet-based inspections and measurements.
SoftSensors were the working class inside Smart Image Sensors. Every type of SoftSensor serves a specific purpose, and
the combination of the SoftSensor results represent the overall result of the inspection. The machine-vision camera was
initially trained to learn the profile and make measurements
of a part being tested through the FrameWork software.

Figure 8. The test pattern measurements method

Figure 9 shows the same test method for the workpieces.
However, the CMM probe touched them inward on the rim
with the same times and test patterns.

Figure 9. The probe measurement method for workpieces

Figure 7. Students capturing images of laser-machined test
part features with machine-vision setup

Details of the machine-vision inspection include: 1) machine-vision system = CCD camera + electronics + PC +

A number of metrics (dimensions, angles, or other geometric features) can be measured as an indicator of function,
conformance or quality. For circular holes, the diameter and
roundness can be easily measured by machine vision. For
rectangular holes, two widths can be measured by machine
vision, as shown in Figure 10. The students, working in
groups, collected data for some assigned subset of the workpieces. Data was entered into an EXCEL spreadsheet for
analysis.
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(a) Circular

(b) Rectangular

Figure 10. Image processing of circular and rectangular features to determine geometric parameters of laser-machined
part features

Statistical Findings
In the lecture portion of the course, students were instructed in various statistical methods that are commonly employed in Six Sigma. These include binning of data, histograms, probability plots, ANOVA, linear regression, and
correlation. All of these analyses can be performed on EXCEL spreadsheets, including graphical presentations of results. Figures 11 and 12 show examples of statistical tests
on laser-machined acrylic parts, with relevant details included in the figure captions. These studies show that the characteristics produced by typical CO2 laser-machining of
acrylic sheets are amenable to standard statistical tests used
in industry. These statistical analyses shown were made using Microsoft Excel™; however, the laboratory exercises
can be incorporated into courses based on other statistical
software packages such as MiniTab™.

Figure 12. Probability plots for implying the data distribution

Figure 13 shows the distribution on diameters of various
laser-machined circular holes. These diameter frequencies
were processed by Histogram analysis. The algorithms gave
100% accuracy to detect the diameters of the laser-machined
holes and the workpieces. Therefore, the gap between a hole
and the cut workpiece from the hole can be calculated.

Figure 13. Distribution of data on diameters of various lasermachined circular holes

Table 3 shows how a t-test is used to test for a significant
difference in means between several pairs of groups. It can
be seen that the t-test can be used to test for a significant
difference in standard deviations between several groups of
measurements.
Table 3. CMM: t-Test: Two sample assuming Unequal variances

Figure 11. Binning of data for laser-machined holes according
to the diameters measured by the CMM
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Mean
Variance
Observation
Hypothesized Mean Difference
df
tSat
P(T<=t) one-tail

A
18.256
0.00036
12
0
11
1.65309
0.06327

B
17.9707
0.35715
12
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tCritical one-tail
P(T<=t) one-tail
tCritical one-tail

1.79588
0.12654
2.20099
C
18.34842
0.006587
12
0
18
-0.534464
0.001184
1.734064
0.002368
2.100922
E
19.18858
0.005437
12
0
12
2.323091
0.019275
1.782288
0.038551
2.178813

Mean
Variance
Observation
Hypothesized Mean Difference
df
tSat
P(T<=t) one-tail
tCritical one-tail
P(T<=t) one-tail
tCritical one-tail
Mean
Variance
Observation
Hypothesized Mean Difference
df
tSat
P(T<=t) one-tail
tCritical one-tail
P(T<=t) one-tail
tCritical one-tail

Coordinate Measuring Machine
(CMM) Results

D
18.44617
0.002692
12

For CMM measurements, the authors used the same approach as was used with machine vision. By taking the average of the twelve data, the value in each cell can be obtained, as shown in Table 5.
Table 5. Summary results measured by CMM
Feature

Kerf Width
Side 1

Kerf Width
Side 2

Kerf Width
Diameter

Kerf Width
Average

A

0.275

0.295

0.275

0.282

B

0.353

0.402

0.376

0.377

E

0.410

0.437

0.429

0.425

H

0.370

0.396

0.362

0.376

I

0.342

0.340

0.330

0.337

F
19.13775
0.000309
12

Machine-vision Results
To obtain the kerf width of laser cutting by a machinevision system, the average data of test patterns has to be subtracted from the diameter of the workpieces. Then the kerf
width can be obtained by dividing the test-piece gap widths.
All the data are shown in Table 4.

For both machine vision and CMM, students made replicate (10X) measurements on a single hole to ascertain the
variance of the measurement process. The data from the
CMM and machine-vision system were correlated with each
other. For a given part feature (e.g, hole) and laser settings
(e.g., speed and power) ), the measurements from lowest to
highest in each set were arranged: one set for the CMM and
one set for the machine-vision system, as shown in Figure
14. Then, the correlation coefficient and the best line fit can
be found.

Table 4. Results of Set E, H, and I
60

45

36

no.

Test
pattern
E Circle

Workpiece
E

Test
pattern
H Circle

1

20.35

19.82

20.056

19.93

19.74

20.2

2

20.32

19.68

19.908

20.28

19.828

20.3

3

20.41

19.78

19.822

20.01

20.24

20.14

4

20.32

19.94

20.054

20.14

19.67

20.26

5

20.63

19.84

20.01

19.96

20.014

20.22

6

20.56

19.88

20.048

20.11

19.95

20.2

7

19.9

19.8

20.064

19.9

19.97

19.5

8

19.68

20.08

19.982

19.67

19.958

19.55

9

19.35

19.84

19.988

19.41

19.976

19.41

10

19.41

19.76

20.05

19.44

19.574

19.27

11

20.1

19.84

20.034

19.3

19.828

19.08

12

19.88

19.74

20.09

19.3

19.94

19.29

Avg

20.076

19.833

20.009

19.788

19.891

Kerf Width

0.121

Test
Workpiece
pattern
H
I Circle

0.111

Workpiece
I

19.785
0.053

Diameter, Machine vision

Power

Diameter, CMM

Figure 14. Correlation of diameter values measured by CMM
with machine-vision parameters

From Table 4, the relationship between power and the kerf
width (gap) can be plotted, as shown in Figure 15. It can be
seen that the gap (mm), defined as the diameter difference
between the hole diameter and workpiece diameter (measured by CMM), is a function of laser power and speed in
Figure 16.
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W = -0.1012 V + 0.4682

(5)

where V is the speed of the laser.
Since the two equations were considered to be linear, a
plane was determined by the cross product of these two vectors. Now, equations (4) and (5) can be rewritten into the
r
r
vector form as [W V P]. Let A = [1 0 -0.0036], B = [1
r r
0.1012 0], then A x B = [0.0004 -0.0036 0.1012].
Assuming that E is set to the initial conditions: W =
0.425mm, V = 0.3mm/s, and P = 60 watts, then the plane
equation can be determined as
0.0004 W – 0.0036 V + 0.1312 P = 6.0711

Figure 15. Dependence of the kerf width on the laser output
power measured by CMM

(6)

In this way, a model for the variable setting for this acrylic
material can be built by rewriting equation (6) into equation
(7)
W = 9.0V – 253.0P + 15177.75

(7)

Figure 16. Dependence of the kerf width on the laser cutting
speed measured by CMM

Mathematical Relation

Figure 17. The relationship between kerf width, speed, and
power

From the experiment data collected in this study, when
speed equals 0.3mm/s, the results can be plotted, as shown in
Figure 15. A linear relationship was found for laser data
between 36 and 60 watts. The averaged data of the kerf
width, W, was fit to
W = 0.0036 P + 0.209

(4)

where P is the power of the laser.
When power equals 60 watts, the relationship between
kerf width and speed can be determined (see Figure 16). The
data were considered to be linear under the condition that the
speed falls between 0.3 and 1.4mm/s. The averaged data
shows a linear dependence fit as
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The dependence of kerf width on laser speed and power
for this acrylic material is clear. Furthermore, the relation
between kerf width and speed can also be determined from
features E, B, and A. Figure 17 shows a Design of Experiments (DOE) case study exploring the correlation of the gap
size (indicative of laser kerf) with laser power and cutting
speed. Such studies permit students to optimize the process
in order to achieve target specifications.

Design of Experiments (DOE)
Students used the Stat-Ease Design of Experiments
(DOE) software package from Stat-Ease, Inc. [14]. A free
45-day trial version was available to all students. The pack-
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age is well-documented and supported with instructive material. Students found the Stat-Ease package easy to use. For
the present case study, a three-variable (laser speed, power,
plastic transparency), two-level DOE study was undertaken
to suggest subsequent experiments to optimize the lasermachining process.

[11]

[12]

Discussion and Conclusion
The study of laser-machining of acrylic plastic sheets for
application to quality inspection and diagnostics devices
provides an instructive case study of Six Sigma concepts and
methods. The manufacturing and quality issues are conceptually straightforward, and the laser-machining and CMM or
machine-vision inspection laboratories can each be performed in one two-hour laboratory session. Based on student
evaluations of the lab, which were completed after each laboratory session, the objectives of the Six Sigma case study
were substantially achieved.
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A SIMULATION ENVIRONMENT FOR THE EVALUATION
OF AIRBORNE BISTATIC RADAR CONCEPTS FOR
EXTERNAL HAZARD DETECTION
Roland W. Lawrence, Old Dominion University

Abstract
A simulation tool to aid in evaluating bistatic or passive
radar concepts was developed in this study. The modular
simulation environment was based on existing Electromagnetic (EM) models and provides an estimate of the atmospheric propagation and surface scattering for frequencies
from 1 to 40GHz. A key attribute of this simulation environment was its flexibility and expandability. The approach
was to develop modules that could be integrated into existing modeling environments such as MATLAB or OCTAVE
to model EM propagation, emissions and scattering, as well
as the operation of microwave instruments and dataprocessing concepts. The overall simulation capability can
be modified by researchers and expanded for specific applications. This study focused on the development of a flexible
framework and a set of EM modules that ccould be used to
demonstrate the capability.

polarizations to augment existing aircraft weather radars in
the detection of severe weather hazards. These measurements could be used to augment existing aircraft radars for
the detection of convective storm processes and wind-field
structures and may be suitable for the detection of hazards
such as gust fronts, cross winds, and other potentially dangerous artifacts of the wind field. Bistatic radar measurements may also be used for the detection of other aircraft or
runway incursion. The advantages and limitations of such
bistatic concepts are not well understood, and a simulation
environment is needed to investigate the potential utility of
such a sensor concept.

The objective of this study was to develop a tool with
broad capability to enable the assessment of varied sensor
technologies for detection of aircraft hazards. However, to
demonstrate the capability of the simulation environment, an
airborne bistatic radar concept using Direct Broadcast Satellite (DBS) as the illuminator was modeled and is presented
in this paper. The paper will also provide an overview of the
simulation environment and a description of the atmospheric
loss model, surface-scattering model, and rain-scattering
model used to demonstrate the capability and the results of
the DBS bistatic simulation.

Several researchers have developed EM propagation and
scattering models in support of the evaluation of bistatic
radars [4]. The EM propagation and scattering models are
typically focused on the specific-instrument concept. For
example, a high-fidelity scattering model may be developed
that has application only over a narrow range of frequencies.
The effort discussed here is focused on developing a model
with very broad applicability, albeit with lower fidelity, to
enable the rapid assessment of new microwave sensor concepts and technologies. A model with this broad capability
may enable the relative performance of two sensor concepts
to be estimated and needed technologies to be identified. In
addition, such a capability would allow the fusion of data
from multiple sensors to be more easily studied. The longterm goal of this research project is to develop a flexible
EM-simulation environment that can be easily modified and
extended as needed to enhance the study of new microwavesensor concepts and technologies.

Background

Approach

The use of bistatic, or passive, radar concepts that utilize
existing transmitters or emitters-of-opportunity have seen
interest recently in a wide range of applications. The use of
reflected signals from Global Positioning System (GPS)
satellites to measure wind speed over water and soil moisture have been studied, and techniques to utilize bistatic radar to detect and track aircraft have also been developed [14]. Research is also underway to infer local wind fields from
ground-based bistatic radar measurements utilizing dedicated radar transmitters [5]. It may be possible to extend this
earlier work to develop an airborne bistatic radar concept
utilizing emitters-of-opportunity with varied frequencies and

The simulation environment was formed using modules
based on MATLAB/OCTAVE modeling software. The
modules were developed using existing EM-propagation,
surface-scattering, and precipitation-scattering models.
These were necessary in order to develop a useful simulation
environment for frequencies from 1 to 40GHz. In addition,
a data structure was developed to provide a uniform data
interface between the modules. The developed data structures allow for easy upgrade of individual models and provide management of the bistatic scattering geometry with
minimum impact on the overall simulation. A simplified
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block diagram of the simulation environment is shown in
Figure 1.
Transmitter
Definition
Sensor
Location
Surface
Definition

Atmospheric
Loss
Simulation
Geometry
Module

Sensor/
Visualization

Image
Data

IncAng
ScatAng
EM Surface

Surface
Scattering

Figure 2. Simulation environment simplified Block diagram

The transmitter, sensor, and scene information were used
to determine the angle of incidence of the transmitted signal
and the scattered angle toward the sensor for each surface
pixel. This data, along with the EM characteristics of the
surface for each pixel, were formed into matrices of data
structures that could then be passed as inputs to the EM and
visualization modules. The rows and columns of these matrices correspond to the surface pixels, and the corresponding data structure provides the information required by the
scattering model to calculate the signal from the illuminating
transmitter scattered toward the receiver by that surface pixel.
The simulation environment shown in Figure 1 can serve
as a framework for advanced aircraft-sensor research. The
Simulation Geometry Module essentially provides the coordinate system of the environment and allows the EM characteristics of the surface or simulated atmosphere to be specified. This is the core of the EM simulation environment. A
Transmitter Definition Module specifies the location, polarization, frequency, etc. of the transmitter of interest. The
Atmospheric Propagation Module and scattering modules
for the surface and hydrometeors then form a working endto-end simulation. Finally, an aircraft, or sensor, is then positioned in the scene and a sensor can “observe” the reflected
signal from any point in the scene. A major advantage of
this modular approach is that simple models can be quickly
developed to demonstrate their capability and the modules
can be later modified to extend their applicability or improve
their fidelity as required.
While clearly the goal is for researchers to expand the
simulation tool and apply it to a variety of sensor concepts,
the simulation of the bistatic scattering of the Direct Broadcast Satellite (DBS) TV signal from the area around an airport will be used in this paper to demonstrate the initial microwave simulation tool. A brief description of the simulation environment is provided in the next section. In some
cases, the EM model or Module may have capability that
was not required or used in the test case of this study.

Simulation Environment Description
The Simulation Geometry Module defines the coordinate
system and the EM characteristics of all regions within the
simulation space. In addition, the location of the transmitter
and the aircraft, as well as the scan and elevation angle of
the sensor antenna, were maintained in this module. The
geometry of the simulation is illustrated in Figure 2. The
surface of the Earth is assumed to be in the xy plane and the
altitude of an aircraft in measured along the z-axis. The location of the aircraft, terrestrial transmitters, and objects in
the simulation are specified by their (x y z) coordinates.
Azimuth directions such as the aircraft flight direction are
specified as a compass bearing, where North is defined as
the +y-axis. Various utility functions are available to find
distances and bearings between points and a simple “surface
editor” allows the user to specify the EM characteristics of
different regions of the surface.

z
y
N

x
Figure 2. The geometry of the EM Hazard simulation is maintained by the Simulation Geometry Module

Based on the location of the transmitter, aircraft, and the
scan angle of the sensor, the incidence angle of the illumination and the scattering angle to the aircraft were calculated.
The appropriate bistatic scattering model was then selected
for the imaged surface cell (or pixel). The Simulation Geometry Model then calls the Atmospheric Model to determine the losses due to water vapor and oxygen for the propagation paths. The microwave image of a scene illuminated
by a signal of opportunity and observed from an aircraft can
then be approximated.
The atmospheric model developed in this study provided
the propagation and atmospheric losses for frequencies from
1 to 40GHz. For this frequency range, only absorption due to
water vapor and oxygen molecules were significant. The
attenuation will change significantly over this range (near
22GHz). More importantly, absorption of EM energy by
molecules of water vapor and oxygen in the atmosphere due
to the coupling of rotation modes may be important for some
microwave measurement approaches in this frequency range.
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While the absorption due to individual molecules can be
calculated, the situation in the atmosphere includes many
molecules and the interaction and collisions between these
gas molecules results in a modification of the absorption,
essentially broadening the absorption line. This substantially
complicates the absorption calculation. The approach that
has been successfully applied in atmospheric remote sensing
at microwave frequencies is to develop a line-shape function
to capture this broadening of the absorption line. These
functions are typically a function of temperature and pressure and model the effect of pressure broadening of the line
[6], [7]. By combining the attenuation for absorption lines
in the frequency range of interest for water vapor and oxygen, the atmospheric absorption coefficient can be approximated.
The coefficients in the above models are typically empirically adjusted to fit experimental data. The approach used
here to model the water vapor (WV) and oxygen (O2) absorption was developed by Liebe & Dillon [7]. The absorption coefficient for WV can be written [6]
1.5
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where the line width parameter was found to be
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and where f is the frequency in GHz, T is the temperature in
Kelvin, P is pressure in mbar, and ρv is the water vapor in
gr/m3.
A similar approach was used to characterize the absorption due to O2. For frequencies below 40GHz, the effect of
the oxygen absorption complex at 60GHz can be approximated by a residual term as for the 183GHz water-vapor line
in the development of equation (1). Thus, if O2 absorption is
ignored by lines above 60GHz and the absorption is approximated as a single line at 60GHz, the O2 absorption can be
written [6] as
2
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where the line width parameter was determined [8] to be
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 P  300 


 1013  T 

γ =

0.85

P ≥ 333
mbar
 0.59

× 0.59[1 + 0.0031(333 − P )] , 25 ≤ P ≤ 333 mbar dB/km
 1.18
P ≤ 25
mbar


(4)
Combining equations (1) and (3), the total atmospheric absorption for frequencies between 1 and 40GHz could be
found. The modeled propagation loss due to WV and O2 is
shown in Figure 3.
10

WV&O 2 Absorption (dB/km)

Thus, this phenomenon was explicitly included in the model.
Although the atmospheric loss was not of interest for the
initial DBS simulation, the module will clearly be important
for future investigations and is discussed below.
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Figure 3. Atmospheric absorption due to WV and O2

Next, the bistatic scattering coefficient at the surface must
be calculated to find the power scattered in the direction of
the aircraft. Scattering from terrain is a rather complex phenomenon and may include volume scattering from vegetation or surface scattering, where the scattering occurs only
from the surface of a rough plane. As the complexity of the
terrain-scattering model is increased to accommodate a more
general scene, it will quickly reach a point where the model
becomes cumbersome and may exceed the capability of an
average desktop computer. The approach used here was to
develop a suite of surface-scattering models for classes of
terrain that are sufficient to develop a representative microwave scene but are computationally efficient. The modules
can be modified or augmented as future needs dictate. Eventually a library of terrains will be available and the user can
assign various surfaces, such as concrete, grass, forest, or
water, to locations on the surface using the “surface editor”.
The Kirchhoff approximation has been widely used to describe the scattering from surfaces where horizontal variations occur slowly compared to the wavelength [9]. That is,
the surface can be viewed as being formed from tilted facets
and the total field at a point can be calculated as if the surface were an infinite plane tangent to the surface at that
point. If, in addition, a Gaussian surface height with a large
standard deviation relative to the wavelength is assumed,
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Setting φ = φs, the backscatter can be calculated and compared to other models. The model was used to approximate
the backscattering coefficient for a surface with a dielectric
constant of 1.6 for rms surface slopes ranging from 0.1 to
0.4. The results are shown as a function of angle of incidence in Figure 4. The backscatter decreases with increasing incidence angle and decreases more slowly as the surface
becomes more rough, as expected. The results in Figure 4
agree well with similar models [6].
0
m=0.1
m=0.2
m=0.4

Backscattering Coefficent (dB)

-5
-10
-15
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10
m=0.4
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εr= 2.0
Bistatic Scattering C oefficent (dB)

Using this approach, a MATLAB/OCTAVE function was
developed to calculate a bistatic scattering coefficient as a
function of rms slope of the surface and dielectric constant
of the surface for each surface pixel. In this function, the
elevation incidence angle, θ, was measured from zenith
(normal to the xy plane) or measured in the plane of incidence, and the incidence azimuth angle, φ, from the y-axis
(or North in the simulation). The elevation scattered angle,
θs, was measured from the z-axis and in the plane including
the scattering point, P, and the receiver. The scattered azimuth angle was measured from the y-axis.

tering was calculated for surfaces with three different rms
surface slopes to simulate portions of the scene with varying
roughness. The simulated bistatic scattering coefficient as a
function of scattering azimuth angle, φs is shown in Figure 5.
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then the stationary phase approximation can be used and an
analytic approximation for the scattering can be obtained
[10].
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Figure 5. Bistatic scattering coefficient
Figure 4. Backscatter Coefficient

The model can also be used to approximate the bistatic
scattering from a rough soil for the DBS signal at 12GHz.
The dielectric constant for soil at 12GHz varies between
approximately 2.0, for very dry soil, and 12 for very wet
soil. These values also are a function of soil type but this
range was suitable for our demonstration. The bistatic scattering coefficient was calculated for these surfaces assuming
illumination from the DBS satellite, θ = 50°, and for observing aircraft on a 3° glide slope, θs = 87°. Further, the scat-

calculation. Therefore, φs = 0 corresponds to forward scattering and φs = 180 to back scattering.
A few comments regarding Figure 5 may be helpful. The
bistatic scattering coefficient illustrated in the Figure 5 describes the DBS signal that is scattered toward an elevation
angle of θs = 87°. Since φ has been set to zero, the azimuth
scattering angle can be interpreted as the azimuth angle from
the plane of incidence to the scattered azimuth direction (3°
above the horizon, in the direction of an aircraft on a 3° glide
slope). As can be seen in Figure 5, most of the DBS signal
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is forward-scattered and the less rough the surface the more
the power is forward-scattered. Figure 5 also illustrates the
dependence of the scattering coefficient on the surface dielectric constant. The variation in the scene may be quite
large due to variation in the soil type, soil moisture, and
roughness (note vegetation was not considered). It also appears from Figure 5 that once the scattering azimuth angle is
more than about 20° from the plane of incidence (forward
scattering) the surface roughness appears to be the dominate
factor in the scattering coefficient.
The surface-scattering model, atmospheric propagation
model, and the simulation geometry module can then be
combined to estimate the DBS signal scattered toward an
aircraft on final approach. A terminal area scene can be
built from a matrix of cells, each with surface dielectric constant and roughness parameters defined by the user. This
approach can be used to provide the surface-clutter environment for the investigation of the performance of a bistatic
rain model to detect weather hazards or, with some improvements, surface scattering may directly provide other
useful hazard information.
To enable the simulation of hazardous weather in the terminal area, an approximation for EM scattering from areas
of rain is needed. The scattering from precipitation will be a
function of the drop-size distribution and the frequency of
the incidence signal. Rayleigh scattering is usually assumed
for drop sizes less than approximately a tenth of a wavelength. Drop sizes in heavy rain rate may exceed 2.0mm
[11]. Thus, for larger rain rates, the Rayliegh approximation
may not be appropriate for frequencies above about 15GHz.
The calculation to apply Mie scattering theory can be numerically intensive so an approximation was adapted from an
alternate approach [12] and developed for this simulation.
The general approach used here was to modify the reflectivity factor, Z, used in the Rayliegh formulation for the radar cross section in equation 5
π 5  2
K Z
4  w
λ 

σ rain = 10 −10 

(5)

where λ is the wavelength in cm, Kw is the dielectric constant for water (approximately 0.9 for 0<T<180C), and Z is
the reflectivity factor modified to include Mie scattering.
Wexler and Atlas [12] used results of a more complex scattering model including both Rayliegh and Mie scattering
over several frequency ranges along with an assumed dropsize distribution (Marshall-Palmer) to form an effective reflectivity factor including the effects of Mie scattering. The
relationship between this effective reflectivity factor and rain
rate, as shown in Table 1, was adapted from work done by
Wexler & Atlas [12]. These relationships agree well with
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the Rayliegh approximation for wavelengths 3.2 to 10cm.
For wavelengths less than 1.24cm, the effect of Mie scattering can be seen in the effective reflectivity especially for
larger rain rates. A “look up” table with interpolation between wavelengths was included in the simulation to approximate the scattering from severe weather in the terminal
area.
Wavelength
(cm)
0.62

0.86

1.24

1.87

3.21
4.67
5.5
10

Range of R
(mm/hr)
0-5
2-20
20-100
0-5
5-20
20-100
0-5
5-20
20-100
0-20
20-50
50-100
0-100
0-100
0-100
0-100

η

ζ

240
345
540
350
450
780
356
460
820
330
500
750
275
280
280
295

1.1
0.9
0.75
1.32
1.15
0.95
1.5
1.35
1.15
1.54
1.4
1.3
1.55
1.45
1.45
1.45

Table 1. Mie corrected reflectivity factor Z=ηRζ

Results
A simulation of the observed bistatic scene illuminated by
a Direct Broadcast Satellite (DBS) and observed from an
aircraft on final approach was used to demonstrate the capability of the modeling environment. The scene was created
using several of the modules discussed above. The demonstration scene included a concrete runway surrounded by
moderately rough terrain. In addition, two bodies of water
with surface roughnesses associated with lakes and an area
of rough terrain were included to demonstrate the utility of
the model. Rain cells were later added to explore the ability
of simulating severe weather in the terminal area. The simulations shown here are for a scene illuminated by a Direct
Broadcast Satellite, where the frequency was 12GHz and the
incidence angle was 400. The azimuth angle to the illumining satellite varied in the simulation to assess the impact of
changes in the orientation of the aircraft and runway. The
EM properties of the surface, dielectric constant and normalized rms slope of the surface were entered for the surfacescattering model. The illumination and observation positions, and aircraft location, were then used to find the DBS
signal scattered in the direction of the aircraft (or receiver).
A description of these surface regions and the EM properties
used in the demonstration are shown in Figure 6. The aircraft, located in the center of the scene on approach to the
runway (~30 glide slope), is shown in the image. The incidence angle of the illumination was 400 and the azimuth
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angle of the illuminating satellite was varied in the simulations.

roughness, the scattered DBS signal from the rain and the
surface may be very similar.
Azsat =00

Azsat

εr=12 σslope=0.05

εr=81 σslope=0.1

εr=1.6 σslope=0.8

εr=4 σslope=.4
Figure 6. Surface regions uses in demonstration

The simulated bistatic scattering from the satellite to the
aircraft location is shown in Figure 7 for several illumination
angles. Az = 00 illustrates the forward scattering case. In
this image, the less rough regions in front of the aircraft
(concrete runway and lakes) reflect less signal toward the
aircraft (appearing “cooler in image”). This was to be expected since smoother surfaces reflect more energy in the
specular direction. The forward-scattering case appears to
provide less contrast for the rough terrain located just to the
right of the runway. The scattering geometry of the Azsat =
900 image has the surface illuminated 900 from the aircraft
course. In this image, the aircraft is even further from the
specular direction and the smooth runway and lakes scatter
even less power toward the aircraft. The Azsat=1350 image
suggests improved contrast for the rough-terrain region to
the right of the runway. This is due to a reduction in the
scattered signal from the smoother surrounding areas when
the illumination is behind the observer. In addition, the contrast between the surrounding areas and the smoother runway and lake regions also improves when the illumination is
behind the observer since these more specular surfaces provide even less backscatter towards the aircraft.
A coordinate transformation is available to produce a sensor/aircraft view of the simulated scene. A rain event was
added to the scene with a rain rate ranging from 30 to
10mm/hr. The results are shown in the sensor/aircraft view
in Figure 8. The illumination azimuth is 1800 (directly behind the scene). As expected with the illumination behind
the sensor, the smooth surfaces and the rough region to the
right of the runway are clearly visible in the image. The rain
cells can also be identified in the image. Substantial contrast
exists between the smooth runway and the scattering from
the rain. However, it appears that for moderate surface

Azsat =900

Azsat =1350

Figure 7. DBS bistatic scattering coefficients for test scene

These results demonstrate the potential utility of the simulation environment. In the simulation, the contrast between
the scattered DBS signal from the rain event and the region
surrounding the runway was quite low. This would imply
that this sensor concept may have difficulty detecting hazardous rain events for illumination angles from 135o to 135o. The next steps might be to add the reflected GPS sig-
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nal and investigate the potential advantages of using dual
Ku- and L-band bistatic measurements, as well as the impact
of scattering geometry diversity provided by the GPS measurement. Such an investigation could be facilitated using the
simulation environment described here.

30 mm/hr
10 mm/hr

the simulation geometry, such as aircraft location and surface structure, was also completed. These modules have
been integrated and used for end-to-end simulation of the
scattering environment.
These initial efforts are intended to lead to the development of a flexible MATLAB/OCTAVE-based microwavesimulation environment to enable the assessment of new
microwave sensor concepts for the detection of aviation hazards. Present efforts to enhance the simulation environment
with a rain-scattering model and smooth-surface scattering
model are expected to enable the assessment of several bistatic radar-sensor concepts. The developed modeling environment provides the definition and initial development of
an atmospheric propagation/microwave sensor-simulation
tool that can be adapted, extended, and utilized by researchers for sensor/hazard investigations, and an assessment of a
new radar-sensor technology for the detection of wind shear,
runway incursion, and other aircraft in the terminal area.
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Comparison of Regression Models to Study
Effect of Turning Parameters on the Surface
Roughness
Ravindra Thamma, Central Conneticut State University

Abstract
Critical quality measure, Surface roughness (Ra) in
mechanical parts depends on turning parameters during the
turning process. Researchers have predicted and devloped
various models for the optimum turning parameters for
required surface roughness. This study focuses on
comparing multiple regression models by collecting data
pertaining to depth of cuts, nose radii, feed rates, surface
roughness, and cutting speeds during the turning operation
for an Aluminium 6061 workpieces. The conducted analysis
show the behaviour of turning parameters and high accuracy
levels of the models to predicted surface.

Introduction
Design engineers and product designers are determined to
design machines that are efficient, have longer lives, and
operate precisely as desired. Today’s advanced machine
requirements demand design allowances for higher loads and
speeds which have led to radical change in the design of
bearings, seals, shafts, machine ways, and gears. To satisfy
the advanced requirements, machine parts should be dimensionally and geometrically accurate. The quality of a machined surface manifests the accuracy of the process in relation to the dimensions specified by the designer.
Machining operations tend to leave characteristic evidence
on the machined surface. They usually leave finely spaced
micro-irregularities that form a pattern known as surface
finish or surface roughness. The quality of the finished
product, on the other hand, relies on the process parameters;
surface roughness is therefore a critical quality measure in
many mechanical products [1].
A considerable number of studies have investigated the
general effects of speed, feed, depth of cut, and nose radius.
Receiving serious attention for many years, surface roughness has formulated an important design feature in many
situations such as parts subject to fatigue load, precision fit,
fastener hole, and aesthetic requirements. In addition to tolerances, surface roughness imposes one of the most critical
constraints for the selection of machines and cutting parame-
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ters in process planning. A larger point angle in combination
with softer materials yields a smoother surface. A relatively
large depth of cut can produce a smoother surface as well
[2].
Previous studies proved the significant impact of DOC,
machining speed and rake angles on surface roughness. The
few studies that have studied nose radius as a factor have
failed to eliminate the effect of built-up edge. But very few
researchers have studied the interaction effect of nose radius.
The material will be defined when a larger nose radius was
used, and the chip had a thickness value greater than the
minimum thickness value [3].
The combination of both of these factors suggests a significant weight in the relationship. All the previous studies on
predicting surface roughness have not included nose radius
as a major factor that affects surface roughness.

Factors Affecting Surface Roughness
Nose Radius
Nose radius is a major factor that affects surface roughness [4]. A larger nose radius produces a smoother surface
at lower feed rates and a higher cutting speed [5]. However,
a larger nose radius reduces damping at higher cutting
speeds thereby contributing to a rougher surface. The material side flow can be better defined when using a large nose
radius [6]. Again this can be explained by studying the effect
of the nose radius on the chip formation. During cutting with
a tool having a large nose radius, a large part of the chip will
have a chip thickness less than the minimum chip thickness
value. In addition, increasing the nose radius has a direct
effect on cutting forces leading to a significant increase in
the ploughing effect in the cutting zone. Increasing the
ploughing effect leads to more material side flow on the machined surface. In general, increasing the nose radius increases the level of tool flank wear. Cutting with a large
nose radius results in a higher value of cutting forces due to
the thrust force component. On the other hand, cutting with a
small nose radius prolongs tool life, which can be explained
by the reduction in the ploughing force.
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Edge preparation has an effect on the surface roughness.
Although the chamfered tool is recommended to prevent the
chipping of the cutting edge, there is no significant difference in the rate of tool wear. The surface finish generally
degrades with cutting time due to tool wear development.
Large nose radius tools have, along the whole cutting period,
slightly better surface finish than small nose radius tools.
Tool wear development with cutting time showed, after high
initial wear rate, that flank wear-land width increases in a
linear way. The tool nose radii in the range of 0.8–2.4 mm
seem to have no effect on the tool wear process, showing
comparable wear rate and similar tool life [7].

Feed Rate
Feed rate is another major factor that has a direct impact
on surface roughness [5]. Surfaces roughness is directly proportional to the feed rate. The feed rate produces effective
results when combined with a larger nose radius, higher cutting speed, and a smaller cutting edge angle [1]. The work
piece machined with a smaller feed rate, the machined surface shows that extensive material side plastic flow existed
[3]. This explains the better surface finish obtained at lower
feed rates. A lower feed rate increased the area in which the
chip thickness was lower than the minimum chip thickness,
(tmin). Hence, instead of cutting, a large part of the material
was ploughed which led to material side flow.

Depth of Cut
The depth of cut has a proven effect on tool life and cutting forces, it has no significant effect on surface roughness
except when a small tool is used. Therefore a larger depth of
cut can be used to save machining time when machining
small quantities of work pieces. On the other hand, combining a low depth of cut with a higher cutting speed prevents
the formation of a built-up edge, thereby aiding the process
by yielding a better surface finish [8].

Cutting Speed
Cutting speed has no major impact on surface roughness.
It affects the surface roughness when operating at lower feed
rates which leads to the formation of a built-up edge. Higher
speeds are important in yielding accurate results. At speeds
higher than 300 ft/sec actual surface roughness comes closer
to the calculated value of surface roughness [9].

Built-Up Edge (BUE)
A BUE usually forms at the tip of the tool cutting edge
during machining. As the BUE becomes larger, it becomes
unstable and eventually breaks up. The BUE is partly carried

away by the chip; the rest is deposited on the work surface.
The process of BUE formation is continuous and destruction
is continuous. It is one of the factors that adversely affect
surface roughness. Although a thin stable BUE that protects
the tool’s surface is desirable, BUE is generally undesirable.
BUE does not form at higher cutting speeds, low depth of
cuts, and higher rake angles [6].

Material Side Flow
One of the factors that deteriorate the machined surface is
the material side flow. It is defined as the displacement of a
work piece material in a direction opposite to the feed direction such that burrs form on the feed mark ridges [10].
Workpiece material in the cutting zone is subjected to a high
enough temperature and pressure to cause a complete plastification of the work piece material. It has been observed
chip material flow in a direction perpendicular to that of the
usual chip flow during the machining of hardened steel. This
material sticks on the new machined surface and causes a
deterioration of the machined surface quality even if the
surface roughness is kept within the desired tolerance. In
addition, the adhered material is hard and abrasive, such that
it wears on any surface that comes into contact with the machined surface.The surface deterioration is mainly attributed
to material side flow that existed on the machined surface
when machining with a worn tool. In addition, the cutting
speed has a significant influence on material side flow. The
high temperature generated during high speed machining
facilitates the material plastifiction and therefore causes a
tendency for more material side flow [6].

Chip Morphology
An increase in the nose radius increases the chip edge serration; the chip edge serration can be explained by the reduction in the actual chip thickness near the trailing edge. Since
the chip formation takes place mainly along the nose radius,
it is expected that the chip thickness varies along the cutting
edge. Due to the nose radius, the chip thickness is decreased
gradually to zero causing high pressure at the trailing edge
[6]. Thus, the material at the trailing edge of the tool, where
the chip thickness is a minimum, is subjected to high stress
which causes tearing on the weakest edge of the chip. In
addition, the variation in the chip velocity facilitates the nonuniform displacement along the chip width which leads to
chip edge serration [11]. The existence of the chip edge serration facilitates trailing edge wear. Grooves are worn in the
tool at the positions where the chip edge moves over the
tool. These grooves deteriorate the surface roughness and in
turn reduce the tool life.
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Purpose of Study
Based on the above analysis, this study was to set up a
statistical model that was capable of predicting the inprocess surface roughness of a machined work piece using
turning parameters. The model was expected to have the
following features:
1. Use machining parameters, such as feed rate, depth of cut,
and cutting speed as predictors.
2. Apply nose radius information as another predictor.
3. The prediction accuracy is high to above 95%.

Parameters’ Selection for
Experiment
Feed rate was selected in a range that magnifies the difference between two levels, Table 1. The spindle speeds selected were 1300 rpm and 1900 rpm. High speeds of machining were chosen to reduce the effect of built-up edge on
surface roughness. The effect of BUE is nullified at speeds
higher than 1300 rpm since the BUE becomes too fragile to
withstand forces at such high speeds [4].
Table 1. Levels of Independent Parameters

Level

Fr

DOC

RPM

Nr

-1

0.004 mm/rev

0.1mm

1300rpm

1/64 inch

1

0.005 mm/rev

0.2mm

1900rpm

1/32 inch

The two levels of nose radii were significantly apart from
each other fixed at 0.819 mm (1/32”) and 0.409 mm (1/64”)
with a variable depth of cut equal to the nose radius. It has
been proved that surface roughness causes drastically greater
deterioration of the workpiece at feed rates higher than 0.3
mm; therefore feed rates of less than 0.3 mm were chosen to
minimize the conditions that affect surface roughness. Cutting edge and rake angles were kept constant in all the experiments.

Experimental Setup
Aluminum 6061(Al 6061) was used as the work piece material due to its high machinability index and commercial
availability. Aluminium 6061 is an alloy of aluminium
(98%), chromium (0.35%), copper (0.4%), iron (0.7), manganese (0.15%), magnesium (0.12%) and silicon in small
quantities. A unique combination of properties makes aluminium and its alloys one of the most versatile engineering
and construction material. The workpieces were 3.5 inches
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and 1 inch in diameter. The ends were faced to reduce the
wobbling effect that arises due to the uneven edges. The
longer the workpiece, the higher are the chances of wobbling. Therefore, care was taken when selecting the work
piece. The workpiece’s experimental length was less than
three times its diameter.
A Cummins lathe was chosen to turn the work piece because of its capability to run at speeds higher than 1300 rpm.
It runs on plastic gears which means lesser forces pass on to
the work piece and the cutting tool. All of this translates into
longer tool life and better surface roughness. Since the wear
on plastic gears is less than metallic gears, vibrations resulting from back lash reduce significantly. The feed rate was
selected from the available set of gear ratios for this particular lathe. For the two levels of the feed rates, two different
gear ratios were used. For the lower level of the feed rate,
the gear ratio was 20:50:20:80 while for the higher level of
the feed rate, it was 20:60:20:80.
A digital laser non-contact tachometer (model number
DT-6234) was used to measure the rotational speed of the
spindle because measurements can be done with very high
accuracy and also because the device, as the name suggests,
is a non-contact type. This non-contact type is useful because any contact with the rotating parts of the system tends
to produce unquantifiable changes in the system.
For measurement of the surface roughness, a Mitutoyo
profilometer (SJ 201) was used because of its high reliability
and capability to provide the user with precise surface measurements. This portable device operates on the inductive
principle to measure the roughness. This instruments measurement head fits with a retractable diamond stylus sensor
(5µm / 0.2mils radius) and a working load of 4mN. The
roughness profiles are determined by the motorized travel of
the sensor over the surface to be tested. Each unit is supplied
with roughness reference standard, case, tools and main
adaptor.
A non-ferrous grade, carbide tipped, cutting tool was used
to turn the work piece material. The carbide tipped tools
have a multiphase coating with Ti (C, N), AL2O3, and TiN
(Carboloy grade TP200). The length of the tool shank is
three and half inches.
Several trials were done on the lathe to test its performance at required high speeds. The amount of wobble in the
workpiece while taking a cut was checked using a dial indicator. The wobble was later reduced by pre-adjusting the
chuck. For each run different levels of parameters were chosen and were run with a different combination. Three tools
of each of the two different nose radii were randomly used
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during the entire experiment. The work piece was turned to a
length of one and half inch.
The data was collected randomly to eliminate bias in the
results. Surface roughness was measured from three areas of
the workpiece and an average value was used to reduce the
error.

Experimental Design
The two levels of the factors were designated as either
high or low or as -1 or 1. To keep the experimental design
simple two levels of factors were chosen. In a typical factorial design, the number of treatment combinations is denoted
by 2n, where n is on the number of independent variables.
Therefore, 24=16 treatment combinations given in table 2,
were used corresponding to n=4. Table 2 shows the sixteen
treatment combinations.
Table 2. Factorial Design for Four Independent Parameters
Run

Speed
(RPM)

Depth
of Cut
(DOC)

Feed
Rate
(Fr)

Nose
Radius
(Nr)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1

1
-1
-1
-1
-1
1
1
-1
-1
1
1
-1
1
-1
-1
1

-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1

Rep
1

Rep
2

Rep
..

Y

turning parameters and surface roughness which in turn, is
then used to predict the theoretical value of surface roughness. With and without the depth of cut as main effect made
the difference in the models.
Developed multiple regression models were checked for
accuracy. Predicted surface roughness values are calculated
using the developed regression equation. The difference between the surface roughness values of measured data and
predicted data is used to calculate the error percentage. The
error percentage is then used to calculate accuracy of the
predicted model [12].
The predicted surface roughness values by both models
were tested using a t-test for independent samples to find if
significant different exist.

Multiple Regression Modeling
A statistical software program, Minitab version 14, a statistical software and Microsoft Excel, was employed in
model training. The goal of the multiple regression analysis
was to determine the dependency of surface roughness to
selected machining parameters. In addition to the main effects of these variables, effects of the interactions of them
were included in the analysis. The significance level for both
the models was set at 0.05 (α = 0.05). For the involvement of
the interactive predictor variables, a total of 13 and12 predictor variables were used in the training of the model, as
shown in Equation 1 and 2.
First regression model (Depth of Cut as main effect) was
expressed as:

Ra1 = K 0 + K 1V + K 2 Fr + K 3 D + K 4 N r +
K 5VD + K 6 VFr + K 7 VN r + K 8 DFr + K 9 DN r
+ K 10 Fr Nr + K 11 VDFr + K 12 VDN r + K 13 VFr N r
+ K 14 DFr N r
(1)

The full factorial experiment was replicated ten times, to
reduce the effect of the error. The order in which the trials
were performed was random. In this full factorial experiment
all of the main effects and interactions were tested to check
for their effect on surface roughness. The surface roughness
values measured from the 16 combinations were first analyzed for individual effects. The extent of the effect of each
turning parameter was then estimated. Then the data was
used to find out the existence of interactions and their effects.

Where,
Ra -Observed Surface roughness,
Fr - Feed Rate,
V- Cutting speed,
D - Depth of Cut,
Nr -Nose Radius, and
K- Linear Constants, Coefficients
Second regression model (without Depth of Cut as main
effect) were expressed as:

The data is used to create two multiple regression models
that determines the strength of the relationship between the
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R a 2 = K 0 + K 1V + K 2 Fr + K 3 N r + K 4VD +
K 5 VFr + K 6 VN r + K 7 DFr + K 8 DN r +
K 9 Fr Nr + K 10 VDFr + K 11 VDN r + K 12 VFr N r
+ K 13 DFr N r
(2)
The null and alternative hypothesis for the models was:

H O1 : K 0 = K 1 = K 2 = K 3 = K 4 = K 5 = K 6 =
K 7 = K 8 = K 9 = K 10 = K 11 = K 12 = K s = 0
H a : At least one of the K does not equal to Zero.
The measured t-values of independent variables are
populated in table 3. A t-test performed on the data from the
experimental design showed that except for depth of cut, all
the turning parameters have a significant effect on surface
roughness. The measured t-value of depth of cut, 1.56, is
less than the critical t-value of 1.96, whereas the measured tvalues of nose radius, feed rate, and cutting speed, 7.84,
10.21, and 10.77 respectively are greater than the critical
value of 1.96 indicating that these variables significantly
affect surface roughness. To validate this outcome second
model was developed without depth of cut as main effect.
The t-values of interactions with depth of cut are higher than
the critical t-value of 1.96.

Showing depth of cut has a significant impact on surface
roughness in an interaction. Cutting speed has the highest tvalue of 10.73 implying its strong impact on surface roughness. Interaction involving cutting speed and feed rate, with
a t-value of 12.63, has greater impact on surface roughness
than other independent variables.
As shown in Table 4, both MR1 and MR2 models had low
S, estimate of the variance values (0.0567and 0.074, respectively) after the linear relationship between the response and
the predictor has been taken into account. This show both
the equations predicts the response with low error. The
square values of the regression coefficients were 99.8 and
99.4, respectively, which indicated high association of the
regression coefficients with variances in the predictor values. The adjusted square values of the regression coefficients
were 97.50 and 95.7. This indicates accounted variance is
high, making the models stronger.
The results of analysis of variance (ANOVA) of the models also supported strong linear relationships in the models
(Table 5 and 6). The obtained F values of regression were
42.98 and 26.83 for MR1 and MR2, respectively. These high
F values indicated a great significance for models in not rejecting the alterative hypothesis, at least one of these coefficients did not equal to zero. Therefore, the linear relationship
between the predicted variable (R) and predictor variables
significantly existed.
Table 4. First Model Summaries

Table 3. Coefficients of the First Model

Predictor Variable
Constant
V
Fr
D
Nr
VD
VFr
VNr
DFr
DNr
FrNr
VDFr
VDNr
VFrNr
DFrNr
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Coefficients
39.529
-0.027
-9963.9
33.94
-429.33
0.004
7.077
0.325
-1496
766.7
113989
-4.344
0.126
-83.771
119194

T-values
9.00
-10.77
-10.21
1.56
-7.84
0.38
12.63
10.96
-0.31
-4.06
9.46
-1.69
2.66
-12.94
3.07

Model

S

r-sq

r-sq (adj)

MR1

0.0567

99.80

97.50

MR2

0.074

99.4

95.7

Table 5. The ANOVA Table of the First Regression Models
(MR1)

Item

SS

DF

Regre
Residual
Total

1.937
0.003
1.941

14
1
15

Mean
Square
0.138
0.003

F

Sig.

42.98

0.119

Table 6. The ANOVA Table of the Second Regression Models

Item

SS

DF

Regre
Residual
Total

1.930
0.011
1.941

13
2
15

Mean
Square
0.148
0.005

F

Sig.

26.83

0.036
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The coefficients of all predictor variables and the constants of the model are listed in Table 3 and 7. According to
these coefficients, the multiple regression models are built as
shown in Equations 3 and 4 for MR1 and MR, respectively.

equation 5 and 6. Model accuracy added to average error,
value should be very close to 100.

δi =

First Model (MR1):

Rap − Ra
× 100%
Ra

R a = 39.5 − 0.0272V − 9964Fr + 33.9 D − 429 N r +

(5)
n

0.0044VD + 7.08VFr + 0.325VN r − 1496DFr −
767DN r + 113989Fr Nr − 4.34VDFr + 0.127VDN r

∆=

1
∑ δi
n i
(6)

− 83.8VFr N r + 119194DFr N r
(3)
Second Model (MR2):

Ra 2 = 44.6 − 0.296V − 11055Fr − 452.20 N r +
0.0204VD + 7.582VFr + 0.327VNr + 5777DFr −
614DNr + 118279Fr Nr − 7.71VDFr + 0.111VDNr

Where,
δi - Percentage error in data
Rap - Surface roughness predicted using the developed
regression model
Ra - Observed surface roughness value
∆ - Average error in surface roughness prediction.
n - Number of experiments
(100- ∆)% - Accuracy of the model

− 83.8VFr N r + 90594DFr N r
(4)
Table 7. Coefficients of the Second Model

Predictor Variable
Constant
V

Coefficients

T-Values

44.620
-0.296

11.57
-11.24

Fr

-11054.8

-12.39

Nr
VD

-452.20
0.020

-6.54
2.65

VFr

7.582

12.64

VNr
DFr

0.327
5777

8.43
4.12

DNr

-614.3

-2.90

FrNr
VDFr

1118279
-7.707

7.69
-4.20

VDNr

0.111

1.82

VFrNr
DFrNr

-83.771
90594

-9.87
2.02

Model Accuracy
Average error in the models is the average of ratio difference of predicted and measured surface roughness to measured surface roughness expressed in percentage. As given in

Difference between the Models
The models have an accuracy of 99.37% and 99.09% as
reported in table 9 with average error of 0.622 and 0.908
respectively. The mean values in table 8 suggest that there is
little difference between the two regression models (-0.350,
0.350).The t-value strengthens the fact that there is no significant difference between the models. As measured at 99%
confidence level t-value (0.00) is less than the critical t-value
value of 2.75, there is no significant difference between the
two models.
Table 8. Model Accuracy

Model Size Average Error

Model Accuracy

MR1
MR2

99.37
99.09

16
16

0.622
0.908

Table 9. T-Test to check for Difference between the Models

Model

N

Mean

Std. Deviation

MR1
MR2

16
16

2.329
2.329

0.359
0.359

Conclusions
Using the collected data, two multiple regression models
have been developed to predict the surface roughness. With
these data and results, one could conclude that:
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1. The results show both regression models are valid at a
high significance. Therefore, both models for surface
roughness prediction can reasonably adapt.
2. Cutting speed, feed rate, and nose radius have a major
impact on surface roughness. Smoother surface will be
produced when machined with a higher cutting speed,
smaller feed rate and nose radius.
3. Depth of cut has a significant impact on surface roughness only in an interaction with other factors.
4. The interactions of the cutting speed, nose radius, and
feed rate also have more significant impact on surface
roughness than the individuals.

Recommendations
Considering these conclusions, further research will be
conducted to develop other prediction systems that could
enhance the accuracy for surface roughness prediction.
1. Tool Temperature Vibrations, tool length, and tool material should be incorporated into roughness prediction
model.
2. Effects of built-up edge should be studied.
3. Predict optimum cutting parameters that maximize surface smoothness.
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