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EDITOR'S NOTE:2008 IAJC-IJME INTERNATIONAL 
CONFERENCE 

 
 

Mark Rajai, IJME Editor and IAJC President  
 
                                         

2008 IAJC-IJME International  
Conference  
 
 The 2008 IAJC-IJME International Conference, like the 
2006 IJME-Intertech Conference, was a great success. It was 
sponsored by the International Association of Journals and 
Conferences (IAJC), which include 14 member journals and 
numerous universities and organizations. 
 
  IAJC is a first-of-its-kind, pioneering organization acting 
as a global, multilayered umbrella consortium of academic 
journals, conferences, organizations, and individuals com-
mitted to advancing excellence in all aspects of technology-
related education. 
 

Conference Statistics 
 
 A total of 487 abstracts from more than 150 educational 
institutions and companies were submitted from around the 
world. After a multi-level review process—papers were sub-
jected to blind reviews by three or more highly qualified 
reviewers—a total of 143 papers were accepted and pub-
lished in the conference proceedings. This reflects an accep-
tance rate of less than 30%, which is one of the lowest ac-
ceptance rates of any international conference. Authors in-
cluded presidents, deans, chairs, faculty, industry experts, 
and students representing more than 100 major educational 
institutions and companies from the United States and 15 
other countries. 
 
 This conference had three divisions: Engineering (ENG), 
Engineering Technology (ENT), and Industrial Technology 
(IT). Selected papers from this conference will be considered 
for publication in one of the growing list of (currently 14) 
IAJC member journals. 
  
 The 2008 IAJC-IJME International Conference was held 
at the Music City Sheraton Hotel in Nashville, TN, USA, 
November 17-19, 2008. 
 

Editorial Changes and IJME New 
Management 
 
 We are pleased to report that Dr. Sohail Anwar of Penn 
State has returned to resume his former position with the 
journal.  Dr. Anwar was the the journal’s Executive Editor 
since its inception but took some time off to serve as editor-
in- chief of the Journal of Engineering Technology. Dr. Li 
Tan of Purdue University North Central is our new Financial 
Editor and Copy Co-Editor. Saeed Namyar, of Namyar Solu-
tion Inc., is the IJME Web Administrator. 
 
 Also, at the annual meeting of the IAJC board of directors 
held at the site our 2008 conference in Nashville, TN, USA,  
the board voted unanimously to place the management of 
IJME under its supervision and to dissolve the IJME board 
of directors. IJME is now the official and flagship journal of 
IAJC. 
 

Acknowledgment 
 
 Organizing a major conference was a monumental task.  I 
want to thank the conference committee and all divi-
sion/session chairs and reviewers for their hard work in de-
veloping an exciting program.  I also want to thank the Uni-
versity of Houston for its continued support and the Univer-
sity of Harford for publishing the hardcopy of this issue. 
 
 It is our sincere hope to continue offering such high-
quality conferences in the future. To this end, we are seeking 
dedicated individuals to join us on the planning committee 
for the next conference.  Please look for our advertisement at 
http://www.IAJC.org. 
 
 We hope you enjoy this special issue (dedicated to se-
lected papers from our 2008 conference) and continue to 
support the journal and its parent organization. 
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STETHOSCOPE FOR MONITORING NEONATAL 
ABDOMINAL SOUNDS 

 
Jonathan M. Hill, University of Hartford; Andrew Maloney, University of Hartford; Kelly Stephens, University of Hartford; 

Ronald S. Adrezin, United States Coast Guard Academy; Leonard Eisenfeld, Connecticut Children's Medical Center  
                
                          

Abstract 
 

This research involves the development of a custom elec-
tronic stethoscope system for monitoring abdominal or so-
called bowel, sounds in premature infants. Possible causes of 
bowel dysfunction in premature infants include bowel ob-
struction, functional or anatomic, which may be reflected as 
an abnormality or lack of peristalsis. Such dysfunction is 
problematic to feeding the infant. This peristalsis may be 
monitored acoustically to determine the health of the pa-
tient’s digestive tract. Due to the relative lack of research 
involving infants in this field, we are performing this re-
search in several phases. Starting with our initial research, 
our current system utilizes a commercial electronic stetho-
scope. 

 
The second phase is development of a custom electronic 

stethoscope system appropriate for a bowel sounds monitor-
ing device, for which our preliminary research is being used 
in the design. Our custom stethoscope will have unique 
characteristics. The stethoscope will remain attached to the 
patient for extended periods and, compared to the patient, 
must be small in size. Unlike an adult, regions in the neonate 
abdomen are much smaller and may not be acoustically iso-
lated. Also, unlike a conventional device, the stethoscope 
must be optimized for listening to sounds common in the 
abdomen. Results from this new stethoscope are compared 
with other preliminary results that we have obtained and will 
be used to further characterize bowel sounds in premature 
infants. 
 

Introduction 
 
The overall goal of our research is to develop an electronic 

monitoring device for premature infant gastrointestinal 
sounds detection and analysis. Such a device will continu-
ously present data in a form meaningful to medical person-
nel and may help diagnose or prevent life threatening prob-
lems such as necrotizing enterocolitis, which is an inflamma-
tory disease of the premature. Additionally, vomiting, gas-
troesophageal reflux, and pulmonary aspiration of gastric 
contents may be prevented. 

 

Premature infants receive nutrition much earlier in the de-
velopment cycle than infants with full-term delivery.  

Given the situation, the premature digestive system may 
not be receptive to nutrition, and caretakers must decide 
whether it is safe to feed the premature infant. Gastrointesti-
nal dysfunction has a number of causes that include imma-
turity of the digestive tract, birth defects, mild intolerance or 
allergic reaction to food, enzyme abnormality, electrolyte 
imbalance, abnormal vascular supply, infection, and sys-
temic illness. Symptomatic of such dysfunction is an abnor-
mality, or lack of peristalsis, which is the pattern of smooth 
muscle contractions that moves materials through digestion. 

 
Peristalsis may be monitored acoustically to determine the 

health of the patient’s digestive tract. It is currently common 
practice for nurses to use traditional stethoscopes to periodi-
cally listen for and analyze bowel sounds. We assert that 
gastrointestinal sounds, or so-called bowel sounds, are to be 
considered among other vital signs. Unfortunately, the abil-
ity to identify the aural cues in bowel sounds is a learned 
skill that takes time to develop. Also, given the sometimes 
transient nature, some bowel sounds may not be heard. In 
addition, the interpretation of bowel sounds is currently en-
tirely subjective and based on training and experience. Fur-
ther, the human ear is limited in its sensitivity and specificity 
in detecting bowel sounds. Based on these reasons, clinical 
acumen is limited, and such findings may or may not be cor-
rect. 

 
The goal of this specific project is to develop a specialty 

stethoscope designed for recording the bowel sounds of 
premature infants. Due to the relative lack of research in this 
field, we are performing this research in several phases. Our 
initial research utilizes an FDA approved commercial elec-
tronic stethoscope and is part of a clinical study at the Con-
necticut Children’s Medical Center [1]. Based on this re-
search, we are developing a new prototype stethoscope sys-
tem. Results from this new stethoscope will be compared 
with other preliminary results that we have obtained and will 
be used to further characterize bowel sounds in premature 
infants. 
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Related Research 
 

Relevant references include Tomomasa, et al. [2], who re-
corded and analyzed bowel sounds of infants with pyloric 
stenosis, before and after applying a corrective pyloro-
myotomy. According to Wikipedia [3], infantile hypertro-
phic pyloric stenosis is a condition whereby an obstruction 
in the lower stomach causes severe vomiting in the first few 
months of life. Few cases are mild enough to be treated 
medically. The definitive treatment is with a surgical py-
loromyotomy, known as Ramstedt's procedure, which in-
volves dividing the muscle that narrows the pylorus. Occa-
sionally, the procedure must be repeated to provide an ade-
quate opening. 

 
To record bowel sounds, the study used methods previ-

ously reported by Tomomasa et al. [4], [5] whereby a hand-
made device using a condenser microphone was attached 
with electrocardiograph adhesive tape to the abdomen. Sig-
nals were amplified and recorded with an audio cassette 
deck over periods each 60 minutes long when fasted. The 
analog recordings were later sampled and analyzed using a 
personal computer. Following an 80 Hz high-pass filter to 
suppress cardiovascular sounds present in the 20 to 50 Hz 
range, sampling was performed at 1,000 Hz. Three-minute 
bins were used to calculate the sound index (SI) as the sum 
of absolute signal amplitudes expressed as volts per minute. 

 
The results show that bowel sounds increased after py-

loromyotomy, correlating with gastric emptying, except for 
the first 24 hours when gastric emptying reached the plateau 
level. They cite Benson et al. [6] who demonstrated by ma-
nometry that small intestinal motility was abnormal after 
major abdominal surgery. Bowel sounds were also moni-
tored by stethoscope and were found to be absent from sub-
jects for more than 20 hours. Approximately 60 hours were 
required for bowel sounds to return in 50 percent of the sub-
jects. To summarize, bowel sounds are a good indicator of 
the return of gastric emptying, as well as bowel motility after 
pyloromyotomy and can be useful in deciding when to re-
sume feeding post-operatively in each patient. 

 
With respect to the interests of this paper, Dimoulas et al. 

[7] provide a useful survey of additional relevant research. 
They cite the pioneering work of Cannon [8] and others. 
Issues in recording bowel sounds involving noise, dynamic 
range, and pickup are outlined. Cardiac and respiratory 
acoustic interference has been reported where the heartbeat 
sounds have a very weak nature and are observed mostly in 
the cases of infants. Patterns of bowel sounds are defined 
and classified. Data was sampled at a rate of 8 kHz and was 
found to be entirely adequate. A 16-bit quantization was 
selected to provide adequate dynamic range. 

Initial Research 
 

Figure 1 shows the stethoscope configuration used in our 
initial research, which is based on a commercially available 
electronic stethoscope [9] and acquisition module [10] that 
connects to a laptop computer (not shown) for data collec-
tion. The black box contains a custom amplifier used to bet-
ter condition the stethoscope signal to the acquisition mod-
ule. Like conventional devices, this stethoscope includes 
earpieces that are placed in the listener’s ear canal, ear tubes 
that are solid material fitted to the ear pieces, tubing, as well 
as a chest piece, or stethoscope head, that is placed against 
the region of interest. Reference to the head as a pickup is 
suggestive of electro-mechanics, like that in an electronic 
stethoscope. 
 

 
Figure 1. Initial Research Configuration with Commercial De-
vices 
 

The initial research configuration is approved by our Insti-
tutional Review Board (IRB), which allows us to actually 
use the device in the Neonatal Intensive Care Unit (NICU). 
The IRB analysis was eased greatly since the Thinklabs 
stethoscope is an FDA approved device. Bowel sounds were 
recorded in a number of situations, such as before and after 
feeding. Figure 2 shows bowel sounds from a normal prema-
ture infant, less than two months in chronological age, re-
corded before feeding. To an untrained ear, such a recording 
sounds like popping at first. While limited and not satisfying 
our design goal, this configuration has helped us to under-
stand the nature of infant bowel sounds. 
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Figure 2. Normal Premature Infant Bowel Sounds 
before Feeding 

 
To understand how this configuration is limited for our 

use, consider that the stethoscope head is somewhat large 
and heavy. A feature to extend battery life limits use of the 
stethoscope to approximately two-minute intervals. Such a 
stethoscope is for general use and, for our specific applica-
tion, may introduce selective distortion. The stethoscope 
must be carefully held against a patient, which introduces 
undesirable acoustic artifacts. 

 
Our initial research is being used to design a custom 

stethoscope system, specifically for such a bowel sound 
monitor. The stethoscope has unique characteristics. Eventu-
ally, such a stethoscope will remain attached to the patient 
for extended periods and, compared to the patient, will be 
small in size. Unlike an adult, regions in the infant abdomen 
may not be acoustically isolated. Also, unlike a conventional 
device, the stethoscope must be optimized for listening to 
sounds common in the abdomen. Following our IRB ap-
proval, results from this new stethoscope will be compared 
with other results that we have obtained and will be used to 
further characterize bowel sounds in premature infants. 

 

Prototype Stethoscope Concept 
 
Figure 3 summarizes our prototype stethoscope system. 

The stethoscope head, or pickup, to the left is constructed 
with a contact mechanism that is in physical contact with the 
patient, as well as a transducer, which converts the resultant 
mechanical signal to an electrical signal. The acquisition 
card contains amplifiers, anti-aliasing filters, and an analog 
to digital converter (ADC) used to sample and digitize the 
transducer signal. An off-the-shelf development board [12] 
contains a field programmable gate array (FPGA) used to 
implement the processor system. We are first using a laptop 

computer for data collection, but a compact flash device will 
allow for long-term stand-alone data collection capability. 
 

laptop

flash
compact

mechanism
contact

transducer

acquisition
card

development
board computer

FPGA

 
Figure 3. Prototype Stethoscope System 
 

The acquisition card is a custom design made with discrete 
components. Such use of an FPGA to construct the embed-
ded microprocessor system is appealing because, in proto-
typing, we benefit in having the utmost in flexibility. Sig-
nificant changes can be quickly made to the corresponding 
embedded processor system without incurring any tooling 
charges. Future research may also involve the use of wire-
less technology. 

 
The pickup is the most critical component in the design. 

To be acceptable for use with premature infants, the device 
must be small but still have a reasonably large contact area, 
have very little nominal contact pressure, little weight, and 
maximum sensitivity to the desired signal. To date, our re-
search has produced the two prototype pickup devices in 
Figure 4. The devices have similar construction to those de-
scribed previously, having a contact mechanism and a trans-
ducer. The device to the left is a small tube container with an 
electret microphone and is sealed with thin plastic sheet ma-
terial. To the right is a conventional stethoscope head that 
has been bored-out and contains an electret microphone. 
While the tube contact area is slightly smaller, our first im-
pression of the measurements is that it compares more fa-
vorably to the bored-out stethoscope head.  
 

 
Figure 4. Experimental Pickups 
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Several other devices were also briefly tried. Piezoelectric 
elements were more sensitive to the mechanical aspect of 
being mounted rather than to the desired signal. Dynamic 
speakers were not very sensitive. The commercial contact 
devices considered applied too much contact pressure. To 
allow for long-term patient contact, yet prevent injury to 
infant skin, an acceptable device may incorporate a specialty 
adhesive, similar to that currently used for ECG leads and 
thermal reflective patches. Klear-Trace© brand electrodes 
[11] are such examples. Future work will refine the contact 
mechanism and will consider such a specialty adhesive. 
 

Acquisition Card and System Board 
 

Figure 5 shows the prototype stethoscope system with the 
tube type pickup attached using test leads. The acquisition 
card is in the upper right, with a Compact Flash (CF) card to 
the far right. The lower card is an off-the-shelf development 
board [12] used to implement the digital aspects of the de-
sign. This prototype stethoscope currently does not actually 
have a headphone connector for direct listening because we 
presently rely on an attached personal computer to examine 
the incoming signals. Providing such a headphone connector 
makes the stethoscope more usable as a standalone system. 

 

 
Figure 5. Prototype System with the Tube Pickup 
 

The availability of low-cost, high density field program-
mable gate arrays (FPGAs) provides new opportunities for 
the development of small embedded processor systems. 
Figure 6 outlines how the prototype stethoscope contains 
such a system. A processor is needed to provide all the re-
quired behavior, which includes managing a data acquisition 
system, communicating with other devices, and performing 
data logging. Also, having the stethoscope implemented as 
an embedded microprocessor system will enable us to con-
sider advanced algorithms such as those used to mitigate or 
remove interfering noise. 

Much of the system is in the FPGA, which is an array of 
configurable logic blocks along with a configurable inter-
connecting resource that is called the FPGA fabric. Such 
FPGA-based systems are most appropriate in low volume 
applications that call for the utmost flexibility. Given the 
modest performance requirements and that development of 
the stethoscope is only one step in our research, the initial 
research use of FPGA technology is particularly appealing. 

 

P.Flash

BRAM

Proc.

FPGA

ADC

BUS

CFA CFD

EMC RAM

IOL IOD

UART RS232

ACQ

Development Board

Acq.Card

 
Figure 6. Stethoscope Embedded Processor System 
 

With modest performance requirements, we chose to use a 
fairly generic 32-bit RISC type soft core microprocessor 
[13], which means that rather than being an embedded core, 
the processor (Proc.) is implemented in the fabric along with 
the rest of the system. Code written with a hardware descrip-
tion language, such as VHDL, is used to produce an image 
file or bit file, stored in the platform flash (P.Flash), which 
configures all aspects of the FPGA, including the on-chip 
block RAM (BRAM) memory. Note that the image file here 
is not executable but rather can be thought of as being the 
system itself. Once the FPGA is configured, the system exe-
cutes machine code just like any processor. As such, the 
software is written in C using conventional software devel-
opment tools. 

 
The acquisition card (Acq.Card) contains acquisition 

components (ADC), which are controlled by the acquisition 
logic (ACQ). Likewise, a compact flash device (CFD) is 
controlled by compact flash adapter logic (CFA). On the 
development board, the external memory controller (EMC) 
provides access to 1 Mbyte of RAM. A UART provides 
RS232 communications. Input-output logic (IOL) connects 
input-output devices (IOD), such as switches, push-buttons, 
and LEDs and the seven segment display.  

 
For sampling, we selected the AD7685 which provides 16-

bit samples at rates as high as 250 kHz. Sample rates are 
presently limited by the data rate of the associated commu-
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nications. To further address the issue of large dynamic 
range inherent with bowel sounds as described by Dimoulas 
et al. [7], we include digitally controlled potentiometers to 
maximize the dynamic range of the sampler. Input configu-
rations are provided for differential, as well as single ended, 
signal sources. 

 
Given that the required IRB analysis of the prototype sys-

tem is not completed, we are not yet able to use the system 
to actually record premature infant bowel sounds. Unlike our 
Thinklabs stethoscope-based system, the prototype system is 
not FDA approved and requires a more rigorous study. To 
prepare for examining the prototype system, we first consid-
ered heartbeat sounds. Figure 7 is a sample published re-
cording of an adult heartbeat sound [11] sampled at 44.1 
kHz that was dynamically enhanced. 

 
 

 
Figure 7. Adult Heartbeat Sound 
 

Figure 8 and Figure 9 are among the first results we pro-
duced with the prototype stethoscope system. As a first test, 
we recorded Andrew Maloney’s heartbeat; Maloney is one 
of our participating graduate students. Figure 8 shows the 
analog signal of a pair of beats before sampling. Figure 9 
presents the corresponding digital output of a single beat 
plotted by LabVIEW [14]. In this test, the sample rate is 
3,000 Hz. Results from the Thinklabs’ electronic stethoscope 
and our prototype compared over an extended period of time 
appear very similar. 

 

 
Figure 8. Analog Input to Sampler of Adult Heartbeat 
 
 

 
Figure 9. First Digital Results from Prototype of Adult Heart-
beat 
 

Figure 10, displayed in MATLAB, shows bowel sounds 
from our graduate student produced by the prototype stetho-
scope using the bored-out stethoscope head. In comparing 
this to Figure 2, taken of a premature infant with the initial 
research configuration, they share a similar pattern of peaks 
although they are different. The amplification and anti-alias 
filtering used to obtain Figure 10 does not eliminate the con-
siderable background noise. 
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Figure 10. Prototype Recording of Adult Bowel Sounds 
 

Next Research Phases 
 

The first issue, with respect to the prototype stethoscope 
system, is obtaining approval from our IRB to allow us to 
use the device in the NICU. We are also planning the next 
generation prototype stethoscope, on which we will use a 
next generation stethoscope head. Through interviews with 
one of our authors, Dr. Eisenfeld, along with attending 
nurses, students produced a Quality Function Deployment 
(QFD) report. Such a report is based on a short list of ques-
tions first posed to the perceived customers of a proposed 
product. Results from the list are used to inspire a second list 
of questions. A summary of the final results serves as useful 
input to the product design cycle. The most important ele-
ments identified were computer control, weight, the ability 
to capture, filter, and amplify all bowel sounds without sig-
nal loss, as well as compatibility with other existing hard-
ware in the NICU. 

 

Summary 
 

In closing, the subject of this paper is the development of 
a custom electronic stethoscope system for monitoring ab-
dominal or so-called bowel sounds in premature infants. 
This research is part of a larger project to design a system 
for monitoring and evaluating bowel sounds. This paper 
outlines initial research being performed, based on an FDA 
approved stethoscope. This research has led to the design of 
a unique prototype stethoscope for use in this regard. We are 
seeking approval from our IRB to allow us to use the device 
in the NICU. Listening to adult bowel sounds is a necessary 
first step in our research toward developing such a monitor 
system. We are also planning the next generation prototype 
stethoscope. Work in the larger project will involve practical 

analysis and classification of such recordings. Situations that 
involve comparing bowel sounds before and after eating will 
be considered. This is based on the premise that bowel 
sounds are notably more pronounced before eating because 
the muscles of the stomach and intestines are active before 
digestion. 
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Abstract 
 
In a collaborative project between the USDA and North-

ern Illinois University, the use of corn ethanol processing 
byproducts (i.e., DDGS) as bio-filler materials in the com-
pression molding of phenolic plastics has been studied. This 
paper reports on the results of a machinability study in the 
milling of various grades of this material. Three types of 
samples were studied: 100% (0% DDGS), 75% (25% 
DDGS), and 50% (50% DDGS) phenolic samples. The mill-
ing operation was carried out with a fixed depth of cut of 2.0 
mm using a 12.5 mm diameter two-fluted end-mill. The cut-
ting speed was varied between 120 and 160 m/min at feed 
rates between 200 and 300 mm/min. Surface roughness 
measurements were taken after each combination of feed 
and speed. Mathematical models for surface roughness have 
been developed in terms of speed and feed at constant depth 
of cut by response surface methodology (RSM); the signifi-
cance of the speed and feed on the surface roughness has 
been established with Analysis of Variance (ANOVA) for 
all three types of samples. The optimum cutting conditions 
were obtained by constructing contours of constant surface 
roughness using MINITAB statistical software. 
 

Introduction 
 
Plastics are manufactured from petroleum resources, 

which are not renewable and not biodegradable. To mini-
mize the environmental impact of plastic materials and en-
hance biodegradability, many plastic products are beginning 
to utilize low-cost, bio-based materials as fillers. Corn proc-
essing coproducts (i.e., DDGS), once dried, represent one 
such potential biofiller [1]. This filler can be added in a con-
centration by weight so as to maintain the mechanical and 
physical properties of the resin. It appears that filler concen-
trations between 25% and 50% represent reasonable inclu-
sion values and produce sufficient mechanical strength [1]. 
The aim of this work is to further study these composites by 
examining the machinability of corn processing coproduct 
filled plastics. 

 
For the selection of optimum machining conditions Com-

puter Aided Manufacturing (CAM) has been widely imple-
mented. In the present work, experimental studies have been 
conducted to see the effect of cutting conditions on the ma-
chining performance of resin and corn coproduct filled resin 

composites. This paper presents an approach to develop 
mathematical models for surface roughness by response sur-
face methodology (RSM) in order to optimize the surface 
finish of the machined surface [2, 3]. RSM is a combination 
of mathematical and statistical techniques used in an empiri-
cal study of relationships and optimization, where several 
independent variables influence the process. First and sec-
ond order mathematical models, in terms of machining pa-
rameters, were developed for surface roughness prediction 
using RSM on the basis of experimental results. 

 
The influence of the speed and feed on the surface rough-

ness has been established with Analysis of Variance for 
100% phenolic,75% phenolic (25% DDGS), 50% phenolic 
(50% DDGS) samples. The response, or dependent variable, 
was viewed as a surface to which mathematical models were 
fitted. The optimum cutting condition was obtained by con-
structing contours of constant surface roughness by MINI-
TAB, and then used for determining the optimum cutting 
conditions for a required surface roughness. 

 

Methodology 
 

General Approach:  Response surface methodology is an 
optimization technique in the field of numerical analysis. To 
achieve optimization, it uses a function called a response 
surface. A response surface is a function that approximates a 
problem with design variables and state quantities, using 
experimental results. In general, design of experiments is 
used for analysis and experiment point parameter settings, 
and the least squares method is used for function approxima-
tion. Response surface methodology is a combination of 
mathematical and statistical techniques useful for modeling 
and analyzing problems in which several independent vari-
ables influence a dependent variable (i.e., response). 

 
The RSM technique attains convergence by repeating nu-

merical and sensitivity analyses until an optimal solution is 
obtained, and it is especially good for difficult problems. For 
example, problems with high non-linearity, and for multi-
modal problems, there may be cases in which no solution 
can be found because of inability to obtain sensitivities or a 
lapse into a local solution. To solve such problems, RSM has 
often been adopted. With RSM, optimization conditions are 
first set, and then a response surface is created between de-
sign variables and objective functions or constraint condi-
tions [4]. Since the expected experimental and theoretical 
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relations in machining are expected to be non-linear, in this 
work response surface models were used for optimization. 

 
The mathematical model generally used is represented by: 

 
 Y= f(v, f ,α, r) +∈ (1) 
 

where Y is the machining surface response, v, f, α, and r 
are milling variables, and ∈  is the error (which is assumed 
to be normally distributed) about the observed response Y 
with zero mean. 

 
Considering only the parameters v (speed) and f (feed 

rate), a relation can be formulated between these independ-
ent variables and the dependent variable, surface roughness 
(Ra), as follows [5]: 

 
 Ra 

bafCv=  (2) 
 
where C is an empirical constant, v is cutting speed 

(m/min), f is the feed rate (mm/min), and a and b are the 
empirically-determined exponents. 

 
This mathematical model can be linearized by performing 

a logarithmic transformation as follows: 
 

 flnbvlnaClnRln a ++=  (3) 
 
The constants and exponents C, a, and b can be deter-

mined by the method of least squares. The first order linear 
model, developed from the above functional relationship 
using the least squares method, can be represented as fol-
lows: 

 
 2211001 xbxbxbYY ++∈=−=  (4) 

 
where Y1 is the estimated response.  Based on the first-

order equation, Y is the measured surface roughness on a 
logarithmic scale, x0(=1) is a dummy variable; x1 and x2 are 
logarithmic transformations of cutting speed and feed; b0, b1 
and b2 are coefficients found from least squares. 
 

The second order model can then be extended from the 
first order model’s equation as: 

 
 2112

2
222

2
111221100 xxbxbxbxbxbxbY +++++∈=−  (5) 

 
And the same method is used to determine coefficients b0, 

b1, b2, b11, b22 and b12. 
 
Experimental Details:  Based upon the research con-

ducted by Alauddin et al. [5], which identified feed rate and 

cutting speed as key variables, in our study a milling opera-
tion was performed on each test specimen using different 
feeds and speeds. Samples were compression molded fol-
lowing [1].  A CNC milling machine was then used to ma-
chine a slot using a 12.5 mm diameter carbide two-flute end 
mill. Six slots were machined on each sample (three on each 
side). A new end mill was used after every specimen to re-
duce effects of tool wear on the measured parameters. The 
depth of cut was kept constant at 2 mm. Table 1 below 
shows the selected cutting conditions. 

 
The design of experiments used in this study was based on 

the Taguchi approach [6]. Two factors considered; the range 
of values for each factor was set at three different levels; all 
treatments were determined using a full factorial approach. 
Therefore the total number of tests conducted was 9 (32). 
Table 2 shows the full experimental schedule. 
 
Table 1. The Two Process Variables used in the Experiment 
were Each at Three Levels 
Parameter Level-1 Level-2 Level-3 
Speed, v (m/min) 120 140 160 
Feed, f (mm/min) 203 254 305 
 
Table 2. The Experiments were Conducted Following a 32 Fac-
torial Design 
Experimental 
Treatment 

Speed 
v (m/min) 

Feed 
f (mm/min) 

1 120 203 
2 120 254 
3 120 305 
4 140 203 
5 140 254 
6 140 305 
7 160 203 
8 160 254 
9 160 305 
 

Coding of Independent Variables:  Prior to data analy-
sis, the variables were coded taking into account the capacity 
and limiting cutting conditions of the milling machine so as 
to avoid vibration of the work-tool system. The coded values 
of the variables shown in Table 2 for use in equations (4) 
and (5) were obtained from the following transformation 
equations [7]: 

 

 
120ln140ln

140lnvlnx1 −
−

=  (6) 

 

 
203ln254ln

254lnflnx2 −
−

=  (7) 
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where x1 is the coded value of the cutting speed corre-
sponding to its actual value v, x2 is the coded value of the 
feed corresponding to its actual value f. The axial depth of 
cut, d, was kept constant at 2 mm throughout the study. 
 

Statistical Analysis:  Analysis of the Variance (ANOVA) 
was performed to determine the accuracy of the fit for the 
response surface models. The ANOVA method is based on a 
least squares approach. This analysis was carried out using a 
level of significance (α) of 5% (i.e., a level of confidence of 
95%) [8]. The regression parameters of the postulated mod-
els were estimated by the method of least squares using the 
following basic formula [9]: 
 

 YTX1)XTX(b −=  (8) 
 

where b is the matrix of parameter estimates, X is the ma-
trix of independent variables, XT is the transpose of the ma-
trix X, and Y is the matrix of logarithms of the measured 
surface roughness values (i.e., responses). 
 

Results and Discussion 
 

The variation of machining response with respect to the 
independent variables is shown graphically in Figures 1 
through 3.  The graphs show results for 100% phenolic, 75% 
phenolic and 50% phenolic samples. 100% phenolic samples 
show minimum surface roughness values at high speeds and 
low feeds (Figure 1). 75% phenolic samples show minimum 
surface roughness values at medium speeds and low feeds 
(Figure 2), while the 50% phenolic samples show minimum 
surface roughness values at low speeds and high feeds (Fig-
ure 3). 
 

The Roughness Model:  Using the experimental results, 
empirical equations have been obtained to estimate surface 
roughness as functions of the independent variables (i.e. 
speed and feed). The resulting models obtained using RSM 
are as follows: 
 

100% phenolic Sample:  The first order RSM model is 
given by: 
 
 2101 x0.002791x0.0027-x0.410923YY +∈=−= (9) 

 
The transformed equation of surface roughness prediction 

is as follows: 
 

 01245.0f017515.0v207493.1aR −=  (10) 
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Figure 1. Ra Response Plot for 100% Phenolic Sample 
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Figure 2. Ra Response Plot for 75% Phenolic Sample 
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Figure 3. Ra Response Plot for 50% Phenolic Sample 
 

Equation 10 is derived from 6 and 7 by substituting the 
coded values of x1 and x2 in terms of ln v and ln f. Results of 
ANOVA are shown in Table 3 below. Since the calculated 
values of the F-ratio are less than the standard values of the 
F-ratio for surface roughness (i.e., the P-value is less than 
0.05), the model is adequate at the 95% confidence level to 
represent the relationship between the machining response 
and the machining parameters of the milling process.  The 
multiple regression coefficient for the first order model was 
found to be 0.8862. This shows that the first order model can 
explain the variation in surface roughness to an extent of 
88.62%. 
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Table 3. ANOVA Results for First Order Model - 100%  
Phenolic 
 df SS MS F Prob>F R2 
Regr 2 0.1391 0.0695 23.353 0.0015 0.8862 
Resid 6 0.0179 0.0030    
Total 8 0.1569     

 
Since the first order model was not entirely sufficient, a 

second order model was then examined: 
 

++∈=−= 2102 x0.01118x0.02622-x0.965073YY  

21
2
2

2
1 xx000046.0x0000038.0x0.000126 ++  (11) 

 
The results for the ANOVA and F-test are shown in Table 

4 below.  Since the P-value was less than 0.05, there was a 
definite relationship between the response variable and inde-
pendent variables at the 95% confidence level. The multiple 
regression coefficient of the second order model was found 
to be 97.60%. On the basis of the multiple regression coeffi-
cient (R2), the second order model was considerably more 
adequate to represent this relationship. 
 
Table 4. ANOVA Results for Second Order Model - 100%  
Phenolic 
 df SS MS F Prob>F R2 
Regr 5 0.1532 0.0306 24.3812 0.0123 0.9760 
Resid 3 0.0038 0.0013    
Total 8 0.1570     
 

75% phenolic sample:  The first order model obtained 
from the functional relationship (Equation 4) was: 
 
 2101 x0.002983x0.00011-x0.526967YY +∈=−= (12) 
 

The transformed equation of surface roughness prediction 
was thus: 
 
 013309.000071.0

a fv45677.0R −=  (13) 
 

ANOVA and the F-ratio results are shown in Table 5 be-
low. The P-value was greater than 0.05, so the model was 
not adequate at the 95% confidence level. The multiple re-
gression coefficient for the first order model was found to be 
36.24%. As it is not sufficiently adequate, the second order 
model was then examined. 
 
Table 5. ANOVA Results for First Order Model - 75% Phenolic 
 df SS MS F Prob>F R2 
Regr 2 0.1389 0.0695 1.7053 0.2592 0.3624 
Resid 6 0.2444 0.0407    
Total 8 0.3833     

 
The second order surface roughness model was: 

 
++∈=−= 2102 x0.014657x0.12814-x7.921301YY  

21
2
2

2
1 xx0.0000051-x0.000022-x0.000462  (14) 

 
The results for the ANOVA and F-test for the second or-

der model is shown in Table 6 below. The P-value was 
greater than 0.05, so the model was not adequate at the 95% 
confidence level.  The second order model was slightly bet-
ter than the first order, though, and had an R2 of 55.73%. 
 
Table 6. ANOVA Results for Second Order Model - 75%  
Phenolic 
 df SS MS F Prob>F R2 
Regr 5 0.2136 0.0427 0.7552 0.6353 0.5573 
Resid 3 0.1697 0.0566    
Total 8 0.3833     
 

50% phenolic sample:  The first order model is given by: 
 
 210 x0.00016-x005147.0x1.168429Y1Y +∈=−=  (15) 
 

The transformed equation of surface roughness prediction 
is as follows: 
 
 000713.00333894.0

a fv0073835.1R −=  (16) 
 

The ANOVA and F-ratio test results are shown in Table 7 
below. Again it has been found that the P-value was greater 
than 0.05, so the model was not adequate at the 95% confi-
dence level. The multiple regression coefficient for the first 
order model was found to be 47.87%, thus a second order 
model was considered. 
 
Table 7. ANOVA Results for First Order Model - 50% Phenolic 
 df SS MS F Prob>F R2 
Regr 2 0.0640 0.0320 2.7549 0.1417 0.4787 
Resid 6 0.0697 0.0116    
Total 8 0.1336     
 

The second order model was found to be: 
 

-x0.00262-x0.048853x-1.52417YY 2102 +∈=−=  

21
2
2

2
1 xx0.000293x0.0000032-x0.00018 +  (17) 

 
The data for ANOVA and F-test for the second order sur-

face roughness is shown in Table 8 below. The P-value was 
greater than 0.05, so the model was not adequate at the 95% 
confidence level.  The second order model was slightly bet-
ter than the first order, and had an R2 of 58.63%. 
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Table 8. ANOVA Results for Second Order Model - 50%  
Phenolic 
 df SS MS F Prob>F R2 
Regr 5 0.0784 0.0157 0.8503 0.5935 0.5863 
Resid 3 0.0553 0.0184    
Total 8 0.1336     
 

Taguchi Analysis Results:  The results for 100%, 75% 
and 50% phenolic are shown below in Tables 9 to 11, re-
spectively.  Based on these, contour plots of the surface 
roughness against speed and feed have been obtained and are 
shown in Figures 4 to 6. The response tables below show the 
average of each response characteristic for each level of each 
factor. The tables also include ranks based on the delta sta-
tistics, which compare the relative magnitude of the effects. 
The delta statistic is the highest minus the lowest average of 
each factor. In MINITAB, ranks are assigned based on delta 
values: rank 1 to the highest delta value, rank 2 to the second 
highest, and so on. The rank indicates the relative impor-
tance of each factor to another factor. 
 
Table 9. Response Table for Ra Means - 100% Phenolic Sample 
Level Speed (m/min) Feed (mm/min) 
1 0.8128 0.5964 
2 0.7085 0.7486 
3 0.7048 0.8811 
Delta 0.1080 0.2847 
Rank 2 1 
 
Table 10. Response Table for Ra Means - 75% Phenolic Sample 
Level Speed (m/min) Feed (mm/min) 
1 1.334   1.099 
2 1.147   1.307 
3 1.330   1.403 
Delta 0.187   0.304 
Rank 2 1 
 
Table 11. Response Table for Ra Means - 50% Phenolic Sample 
Level Speed (m/min) Feed (mm/min) 
1 1.722 1.854 
2 1.898 1.855 
3 1.928 1.838 
Delta 0.206 0.016 
Rank 1 2 
 

Summary 
 
From these results, the combinations of speed and feed 
which caused the surface roughness values to decrease can 
be observed. The combinations of optimum speed and feed 
that increased the surface finish for the samples in this study 
are given below: 
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Figure 4. Contour Plot of ln(Ra) vs. Speed and Feed - 100% 
Phenolic Sample 
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Figure 5. Contour Plot of ln(Ra) vs. Speed and Feed - 75% Phe-
nolic Sample 
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Figure 6. Contour Plot of ln(Ra) vs. Speed and Feed - 50% Phe-
nolic Sample 
 
• Contour surface plots of 100% phenolic samples show 

low surface roughness values at high speeds and low 
feeds. Therefore a better surface finish can be obtained 
at high speeds and low feeds. The Taguchi analysis 
shows that feed has relatively more impact on surface 
roughness compared to speed. The ANOVA results 
show that the first order fit is 88.6% accurate, while the 
second order is 97.6%. Thus the second order model 
explains a much higher proportion of the variability in 
the response. 
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• Contour surface plots of 75% phenolic samples do not 
follow any particular trend, but in general lower surface 
roughness values are obtained at high speeds and low 
feeds. The Taguchi analysis results show that feed has 
relatively more impact on surface roughness compared 
to speed. The ANOVA results show that the first order 
fit is 36.2% accurate, while the second is 55.7%, both of 
which are fairly low. 

• Contour surface plots of 50% phenolic samples show 
low surface roughness values at low speeds and high 
feeds. The Taguchi analysis results show that speed has 
relatively more impact on surface roughness compared 
to feed. ANOVA results show that the first order fit is 
47.9% accurate, while the second order is 58.6%, both 
of which are fairly low. 

 
Although a concerted effort has been made to study the ma-
chinability of plastic composites filled with corn ethanol 
processing coproducts, further research is needed to refine 
the relationships between surface roughness and cutting 
speed and feed rate. Additional experiments will be carried 
out to improve the sensitivity of the results. Additionally, 
other variables to be considered for future studies include 
cutting force measurement and the determination of overall 
machinability indexes. 
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A SIMPLE DEADLOCK AVOIDANCE ALGORITHM IN 
FLEXIBLE MANUFACTURING SYSTEMS  

 
Paul E. Deering, Ohio University 

 

Abstract  
 

As flexible manufacturing systems (FMS) become more 
flexible and complex, the subject of deadlock avoidance 
becomes essential. This paper presents a simple yet effective 
algorithm that can be implemented at two levels of complex-
ity to avoid deadlock in an FMS. This paper discusses the 
differences between primary deadlock and impending dead-
lock; it models an FMS using digraphs to calculate slack, 
knot, order, and space to avoid deadlock. Several examples 
are provided demonstrating the method. 

 

Introduction 
 

Allowing a manufacturing system to enter only live states 
(deadlock-free states) and avoid any dead states (deadlocked 
states) can save loss of production and labor costs, as well as 
provide better resource utilization. Moving the wrong part in 
a live FMS can cause deadlock that can both cripple the en-
tire manufacturing system and stall production. The only 
recourse is to manually resolve the deadlock and reset the 
FMS to a known state that is live. To prevent manual dead-
lock resolution in an FMS, a deadlock avoidance algorithm 
that can determine which parts to move must be incorporated 
into the controller of the FMS. 

 
There are two types of deadlock that can occur in a manu-

facturing system. The most basic type is primary deadlock. 
This situation occurs when each part on a circuit requests the 
next resource in its process plan. This situation is illustrated 
in Figure 1. 

Resource 1 Resource 3

Resource 2

Part c
Circuit 1

Part b

Part a

 
Figure 11. Example of Primary Deadlock 
 

Assume that part a in resource 1 has to go to resource 2, 
part b in resource 2 has to go to resource 3, and part c in 
resource 3 has to go to resource 1 before each part is com-
pleted.  If resource 1, resource 2, and resource 3 can only 

hold one part at a time, no parts can move without interven-
tion. Circuit 1 in Figure 1 is said to be in primary deadlock.  
A more complex and difficult-to-detect type of deadlock is 
called impending deadlock; this occurs when parts can move 
through the system but will terminate in primary deadlock 
after a finite number of moves. Consider the system shown 
in Figure 2 and assume that each resource can only hold one 
part. Assume that part a is occupying resource 1 and that 
part a first requires resource 2, then resource 3. Likewise, 
assume part b is occupying resource 3, and the next resource 
required by part b is resource 2 followed by resource 3. Al-
though part a can move to resource 2, the system will termi-
nate in primary deadlock on circuit 2. Part b can also move 
to resource 2, but primary deadlock will result on circuit 1. 

 

Resource 1 Resource 3Resource 2 

Circuit 1 Part b Part a Circuit 2 

 
Figure 2. Example of Impending Deadlock 

 
The two main approaches to solving the deadlock situa-

tion in manufacturing systems include: detection and resolu-
tion and avoidance. Deadlock detection and resolution me-
thods [3, 4, 10, 13, 14] allow deadlocks to occur. The dead-
lock is resolved by implementing a deadlock recovery pro-
cedure that moves parts to buffers and resets the system to a 
live state. Deadlock avoidance methods [1, 2, 5, 6, 7, 8, 9, 
11, 12, 15, 16, 17, 18] avoid deadlock by controlling the mix 
of parts in the system at any given time. A part can be 
moved or introduced into the system only if the move does 
not cause deadlock. If a move is found to cause deadlock, 
then the move is not allowed to occur, thus avoiding the 
deadlock state. 

 
This paper presents the results of reference [16] and dem-

onstrates a simple algorithm that can be implemented at two 
levels of complexity to avoid primary and impending dead-
lock.  This paper is organized as follows: the first section 
discusses previous research on deadlock in a FMS; the next 
section defines a mathematical model of a manufacturing 
systems; circuit parameters slack, knot, order and space is 
then defined; the next section proves sufficient conditions 
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for a deadlock-free system; several examples demonstrating 
the method is then provided; next the deadlock avoidance 
algorithm is presented; and finally concluding remarks about 
the method and future research. 

  

Related Research 
 

Many researchers use Petri nets [1, 2, 5, 10, 11, 12, 14] as 
a formalism to describe deadlock in a manufacturing system. 
Banaszak and Krogh [1] proposed a deadlock avoidance 
algorithm (DAA), which developed a restriction policy 
based on production route information to guarantee that no 
circular wait situations would occur. Their DAA is sufficient 
for avoiding deadlocks but is not an optimal solution. Vis-
wanadham, Narahari, and Johnson [10] developed a dead-
lock avoidance algorithm that employed a look-ahead pol-
icy. This algorithm did not detect all deadlocked states, and 
the authors suggested using a recovery mechanism in case of 
system deadlock. Zhou and DiCesare [11] and Zhou [12] 
generalized the sequential mutual exclusions (SME) and 
parallel mutual exclusions (PME) concepts and derived the 
sufficient conditions for a Petri net (PN) containing such 
structures to be bounded, live, and reversible. In general, PN 
solutions are suitable for manufacturing systems that contain 
few resources but become very complicated for larger sys-
tems. 

 
Another formalism to describe the manufacturing system 

is to use graphs [3, 4, 6, 7, 8, 9, 13, 14, 15, 16, 17, 18, 19]. In 
this approach, the vertices represent resources and the edges 
represent part flows between resources. Wysk, Joshi, and 
Yang [13] were the first to develop a specialized directed 
graphical structure called a wait relation graph (WRG) to 
model a manufacturing system. In reference [13], they de-
veloped a string manipulation procedure that yields a set of 
control actions to detect and recover from primary deadlock. 
Cho, Kumaran, and Wysk [3] used system status graphs to 
develop the concept of simple and non-simple bounded cir-
cuits with empty and non-empty shared resources to detect 
part flow deadlock and impending part flow deadlock. This 
method introduced the concept of a bounded circuit to detect 
deadlock. The method detected deadlock based on character-
istics of this bounded circuit. The methods in references [13] 
and [3] could only handle single capacity resources. Fanti, 
Maione, and Turchiano [4] used a graph called working pro-
cedure digraph and developed a simple graph-theoretic 
method for deadlock detection and recovery in systems with 
multiple capacity resources. This algorithm did not prevent 
deadlock from occurring either, but it suggested a suitable 
recovery strategy.  

  
Judd and Faiz [6] expanded on the original formulation 

proposed by reference [13] and the first to define slack, or-

der, and space to avoid deadlock. This method provided suf-
ficient conditions for deadlock by satisfying a set of linear 
inequalities. Lipset, Deering, and Judd [8] extended refer-
ence [6] to precisely quantify necessary and sufficient condi-
tions for deadlock to exist. In this research, they redefined 
the order of a knot, defined a special state called an evalua-
tion state, and defined the concept of order reduction. The 
approach was to put the system into an evaluation state and 
then compute the order. Deering [16] improved reference [8] 
by further refining the order of a knot and evaluation state, 
as well as eliminating the need for order reduction. Zhang, 
Judd, and Deering [15] developed a deadlock avoidance 
algorithm (DAA) based on references [8] and [16], which 
avoided deadlock and was executed in polynomial time. 
Zhang, Judd, and Deering [18] expanded upon references 
[15] and [16] to quantify the sufficient conditions for a sys-
tem state to be live and derived the liveness necessary and 
sufficient conditions for an evaluation state.  Zhang and Judd 
[19] extended reference [18] to allow choice in process flow 
or flexible part routing. 

 

Modeling a Manufacturing System 
 

An FMS consists of a set, R, of finite resources, such as 
robots, buffers, and machines, which produce a finite set, P, 
of products. Each resource Rr∈  has a capacity of cap(r) 
units that can perform the required operations. The capacity 
function can be extended to a set of resources, that is: 
   .anyfor),cap()cap( 11

1

RRrR
Rr

⊆= ∑
∈∀

 (1)           

 
For each product Pp∈ , the process plan 

 rrrp mK21)plan( = defines the sequence of resources that 
are required to produce p. Resource mr  is the terminal re-
source for product p. It is assumed that all process plans are 
fixed, finite, and sequential. A part is an instance of a prod-
uct that flows through the system. At any given time, a man-
ufacturing system is working on a set Q  of parts. The func-
tion )( class q  returns the product p to which part q belongs. 

 
A manufacturing system can be represented by a WRG, 

),( AVG = . Each vertex represents a resource; that is, V=R.  
A directed arc is drawn from vertex 1r  to vertex 2r , if 2r  
immediately follows 1r  in at least one process plan. Each arc 
will be labeled with the part(s) that will flow through it. A 
subgraph GARG ⊂= ),( 111  of an WRG consists of a subset 
of the resources and arcs of G, so that all the arcs in 1A  con-
nect resources in 1R .  The union (intersection), denoted 
by )( 2121 GGGG ∩∪ , of two subgraphs is the union (inter-
section) of the component resource and arc sets. A path 
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),( pp ARP =  is a subgraph whose resources and arcs can be 
ordered in the list nn raarar 12211 −K  where each arc in the list 
connects the resources on either side. When specifying a 
path, writing the arcs is redundant. Therefore, only the re-
sources will be enumerated when a path is defined. A simple 
path is a path with no repeated elements in the ordered list. 
A closed path is a path with the same first and last element. 
A simple circuit is a closed path with no repeated elements 
in the ordered list, except the first and last elements. 

 
The function )(n q  returns a positive integer that repre-

sents the position in )](class[plan q  of the operation that is 
currently processing q. When a new part q  is added to the 
system, then 1)(n =q .  As the part is moved from resource 
to resource according to its plan, )(n q  is incremented until 
it reaches the end of its plan and exits the system. The state n 
of a manufacturing system is a vector containing the current 
n(q) for all Qq∈ . A state n of a manufacturing system is 
live if a sequence of part movements exist that will empty 
the system. A state n of a manufacturing system is dead, or 
deadlocked, if it is not live. 

 
Given a manufacturing system ),( ARG = , let  Aa∈  

and Rr∈ . Then, the function )(tail a  returns the resource at 
the tail of the given arc; the function )head(a  returns the 
resource at the head of the arc. A unit of the resource 

)(tail ar =  is said to be committed to arc a if it is processing 
a part q whose next resource in its process plan is )(head a . 
It is important to note that the number of resource units 
committed to the outgoing arcs of r can be less than the 
number of busy units. This happens when some of the busy 
units are being used for terminal operations. A resource unit 
is free if it is not committed to an arc; by this definition, a 
busy unit that is not committed is still termed free. A re-
source is free if any of its units are free. A resource is empty 
if it contains no parts. The commitment function ),com( na  
returns the number of resource units that are committed to 
arc a when the system is in state n.  The commitment func-
tion is extended to a set of arcs as follows: 
    AAnanA

Aa

⊆= ∑
∈∀

11 anyfor),,(com),com(
1

 (2)           

 
A part is enabled if either the next resource in its process 

plan contains at least one resource unit that is not busy, or 
the part is in the last step of its process plan. Suppose that 
the system is in state 0n ; there exists an arc a such that re-
source )head(2 ar =  is free and the part in the resource 

)tail(1 ar =  is committed to a. Then, when 1r  finishes its 
operation, this part can be moved to resource 2r . This proc-

ess is called propagation. The symbol kn  is used to denote 
the state of the system after the thk  propagation. A part q in 
WRG G  can be shifted to resource r if it can be propagated 
to r without propagating any other part in G.  A part q in 
WRG G is said to have a free exit if it can shift its terminal 
resource mr  in G. 

 

Slack, Knot, Order, and Space 
 

This section will summarize the major concepts and re-
sults from [6, 8, 13, 16]. This section defines the concept of 
slack, knot, order, and space. 

 
The slack is the number of free resource units available 

for parts to flow on a subgraph.  
 
Definition 1: The slack of any subgraph GARG ⊆= ),( 111   

is given by: 
    ),com()cap(),slack( 111 nARnG −=  (3)           

 
A closed path c in a WRG G is in primary deadlock in 

state n if 0),slack( =nc . 
 
An interesting phenomenon happens when two simple cir-

cuits are joined by a single capacity resource as opposed to a 
multiple capacity resource. Consider the two manufacturing 
systems depicted in Figure 3 and Figure 4. Here, two simple 
circuits are joined by resource 0r , and all parts are commit-
ted to their outgoing arcs. In Figure 3 and Figure 4, the la-
bels indicating which parts flow through each arc have been 
left off for simplicity. 

r0

c2c1

r2 r3

r1 r4

a2 a1

q2

q3

q1

q4

 
Figure 3. Two Simple Circuits Intersecting at a Single Capacity 
Resource 

 
Assume that all resources in both systems are of a capac-

ity of one, except where 2)(cap 0 =r  and part 5q  is commit-
ted to arc 1a  (see Figure 4.) Further, assume in both systems 
that if 1q  is moved to resource 0r , it will be committed to 
arc 1a  , and if part 2q  is moved to resource 0r , it will be 
committed to arc a2.  
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r0

c2c1

r2 r3

r1 r4

a2 a1

q2

q3

q1

q4

q5

 
Figure 4. Two Simple Circuits Intersecting at a Multiple  
Capacity Resource 

 
Even though resource 0r  is free in both manufacturing 

systems, Figure 3 shows a dead system, and Figure 4 shows 
a live one. In Figure 3, if either part q1 or q2 is moved into 

0r , then primary deadlock will result on circuit 2c  or 1c , 
respectively. In Figure 4, if part 1q  were moved into 0r , 
then primary deadlock will result on circuit 2c . However, 
moving part 2q  will not cause deadlock, since this move will 
allow the parts to propagate along circuit 2c . This observa-
tion motivates the following definitions. 

 
Definition 2: Let 1c  and 2c  be any two closed paths in a 

WRG of a manufacturing system. If 21 cc ∩  consists of ex-
actly one resource with a capacity of one, then this resource 
is called a knot with respect to 21 cc ∪ . 

      
Clearly, 0r  in Figure 3 is a knot with respect to 21 cc ∪  , 

since cap( 0r ) = 1 and 021 rcc =∩ . Resource  0r  in Figure 4 
is not a knot, since cap( 0r ) = 2. The next two definitions are 
needed to define the order of a knot. 

 
Definition 3: Let 1c  and 2c  be two closed paths in a WRG 

G. Path 1c  is connected to 2c  if 021 ≠∩ cc  and a part cur-
rently exists in the system that must propagate from 1c  to 2c  
without leaving 21 cc ∪ . 

 
Definition 4: Given two closed paths 1c  and 2c , then 1c  

and 2c  are cross-connected if 1c  is connected to 2c  and 2c  
is connected to 1c . 

           
Definition 5: Let the closed path c in state n consist of two 

closed paths, 1c  and 2c , such that 21 ccc ∪=  and 
kcc =∩ 21  , where k is a knot. The order of knot k with 

respect to the closed path c  in state n is defined as: 
 

⎭
⎬
⎫

⎩
⎨
⎧

=
otherwise. ,0

 connected. cross are   and  if ,1
),,(order 21 cc

nck
 (4) 

The order of any simple circuit is zero.         
 
The order of 0r  in Figure 3 is one, since 1c  and 2c  are 

cross-connected, that is 1),,(order 210 =∪ nccr . 
 
Definition 6: Let c be a closed path in a WRG G in state n 

that contains m knots. Then, the order of c is given by: style: 

    ∑
=

=
m

i
i ncknc

1

),,order(),order(  (5)           

 
Definition 7: Let c be a closed path in a WRG G of a 

manufacturing system in state n. The free space on a closed 
path c is the difference between the slack and the order: 
style: 
    G  ),(order),(slack),(space Ccncncnc ∈∀−=  (6)           
where GC  is the set of all closed paths in G. 

 
The following theorem proves that if all closed paths of a 

WRG G have space greater than zero, G is live.  
 
Theorem 1: Let GC  be the set of all closed paths in a non-

empty WRG G in state n. If, 
    GCcnc ∈∀> 0),space(  (7)           
then G is live. 
Proof: See reference [16]. 
 

Examples 
 

This section consists of three examples demonstrating the 
method. The third example will show a condition where a 
live system has been evaluated to be dead. 

 
Example 1: Let the WRG G in Figure 5 be in state n. The 

manufacturing system is composed of six resources, 
1r , 2r , 3r , 4r , 5r , and 6r , all with unit capacity. The system 

contains seven closed paths. Let GC  represent the set of 
closed paths in G, such as
 },,,,,,{ 321323121321 ccccccccccccCG ∪∪∪∪∪=  
Suppose that the system manufactures three products, 1p , 

2p  and 3p  , specified by the following process plans: 

32611)(plan rrrrp = , 56432 )(plan rrrrp = , and 1653 )(plan rrrp = . 
Assume that parts a, b, and c belong to product classes 1p , 

2p  and 3p  , respectively. Suppose that the system is in state 
]1,1,2,1[)]n(),(n),(n),(n[ 21 == cbban .  
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c1

c2

r1

r2

r5
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r6

r4

r3

b1

b2
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a b

b

cc

a

bc

 
Figure 5. Manufacturing System for Example 1 
 
Table 1 shows the capacity, commitment, slack, order, and 
space computations in state n . 
 
Table 1. Circuit Parameters for Example 1 

Subgraph Capacity Commitment Slack Order Space 

1c  2 1 1 0 1 

2c  4 2 2 0 2 

3c  2 1 1 0 1 

21 cc ∪  5 3 2 0 2 

31 cc ∪  3 2 1 0 1 

32 cc ∪  5 3 2 0 2 

321 ccc ∪∪  6 4 2 1 1 
 

Clearly, the space of all closed paths is greater than zero. 
The manufacturing system is live according to Theorem 1. 
Table 2 shows one possible sequence of moves to empty the 
system. 
 
Table 2. Part Movements to Empty System in Example 1 

Part Movement Resulting State After Move 
a  to 6r  2 2 1 1 

a  to 2r  3 2 1 1 

c  free exit 3 2 1 - 

1b  free exit 3 - 1 - 

2b  free exit 3 - - - 

a  free exit - - - - 
 

Example 2: Let the WRG G in Figure 6 be in state 0n . 
The process plans for parts a, b, and c are presented in Table 
3. Let 12411 rrrrc = , 24322 rrrrc = , and 46543 rrrrc = . Assume 
that the state of the system 
is 1] 2, 1, 2,[)](),(),(),([ 210 == cnbnanann . 
   

Table 3. Process Plans for Example 2 

Part Process Plan 

a  2412 rrrr  

b  65432 rrrrr  

c  246 rrr  
 

c1
r1

r2

r3

r4

c3

a1

r6

b

a,c
a

a

b

b

c

b

a2

b

c

r5
a,c

b
c2

 
Figure 6. Manufacturing System for Example 2 

 
Table 4. Circuit Parameters for Example 2 

Subgraph Capacity Commitment Slack Order Space 

1c  3 2 1 0 1 

2c  3 1 2 0 2 

3c  3 1 2 0 2 

21 cc ∪  4 3 1 0 1 

31 cc ∪  5 3 2 0 2 

32 cc ∪  5 2 3 1 2 

321 ccc ∪∪ 6 4 2 1 1 
 

Clearly, the space of all closed paths is greater than zero. 
The manufacturing system is live according to Theorem 1. 
Table 5 shows one possible sequence to empty the system. 
 
Table 5. Part Movements to Empty System in Example 2 

Part Movement Resulting State After Move 

1a  to 4r  3 1 2 1 

2a  to 1r  3 2 2 1 

1a  free exit - 2 2 1 

2a  free exit - - 2 1 

b  to 4r  - - 3 1 

b  to 5r  - - 4 1 

c  free exit - - 4 - 

b  free exit - - - - 
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Example 3: Theorem 1 can conclude that a system is live 
if the space of all closed paths is greater than zero. If the 
space is zero, the system may be live or dead. Consider the 
following two cases. 

 
Case 1: Suppose that the system in Figure 7 has the proc-

ess plans depicted in Table 6. 
 

Table 6. Process Plans for Example 3 
Part Process Plan 

a  64321 rrrrr  

b  12435 rrrrr  

c  53246 rrrrr  
 
Assume that the system is in state ]1,1,1[],,[ == cban . 
 

r1 r2

r3

a

c

r4

r5

r6

b

b

a

c

a a,c

c b

a,b

ac

c,b
b

c1
c4

c2

c3

 
Figure 7. Manufacturing System for Example 3, Case 1 

 
The space of all closed paths in Figure 7 is greater than 

zero, except for the closed path that contains the entire sys-
tem, 0),space( 04321 =∪∪∪ ncccc . Even though the space 
is zero, the system is live. Now, consider a WRG with the 
same structure, except for a different system state and part 
routings. 

 
Case 2: Suppose the system in Figure 8 has the process 

plans as depicted in Table 7. 
 

Table 7. Process Plans for Example 3 

Part Process Plan 

a  5321 rrrr  

b  6435 rrrr  

c  1246 rrrr  
 

Assume that the system is in state 
]1,1,1[)](),(),([ == cnbnann . 

 

r1 r2

r3

a

c

r4

r5

r6

b

c

b

a

a a

a b

b

bc

c
c

c1
c4

c2

c3

 
Figure 8. Manufacturing System for Example 3, Case 2 

 
As in Case 1, the space of all closed paths in Figure 8 is 

greater than zero, except for the closed path that contains the 
entire system, 0),space( 04321 =∪∪∪ ncccc . In this case, 
the system is dead. The space condition cannot distinguish 
between the two cases. 

 

The Deadlock Avoidance Algorithm 
 

An algorithm that implements the methods presented here-
in can be applied to any process control systems to avoid 
deadlock. The algorithm ensures that propagating an enabled 
part would not transition a live system to a dead state. The 
algorithm can be implemented in two different levels. A first 
level implementation, which is less restrictive, would be to 
define the order of all knots to one. A second level of im-
plementation would compute the order of each knot per De-
finition 5. Implementing the algorithm at this second level 
would allow more live states but would add more complex-
ity. A flowchart of these two implementations is depicted in 
Figure 9. 
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Space of c > 0

1. Create the System WRG
2. Let CG be the set of all closed paths
3. Identify all Knot Resources

yes

Undetermined State
(Conclude System is Dead)

System is live

For each c in CG

Let CG = CG – {c}
Let c be an element of CG

 |CG |= 0

no

yes

no

Level of
Implementation

Second LevelFirst Level

Order of Knots State DependentAll Knots are Order One

 
Figure 9. First and Second Level Implementation Flowchart 

 

Conclusion 
 

A deadlock avoidance algorithm was developed that 
avoids both primary and impending deadlock in an FMS. 
The concepts of slack, knot, order, and space were derived 
from circuit observations and interactions using WRGs. The 
algorithm ensures deadlock is avoided by not allowing a live 
system to enter dead states by satisfying a set of linear ine-
qualities, space > 0 for all closed paths. 

The algorithm detects all dead states. The algorithm does 
not detect all live states, as shown in Example 3. A special 
state called the evaluation state, presented in references [16] 
and [18], is necessary to determine the liveness of these in-
distinguishable states. This will be addressed in future publi-
cations. 
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Abstract  
 

This research paper presents the implementation of an 
adaptive learning algorithm from artificial intelligence 
known as Reinforcement Learning in a robot that must deal 
with more than one reward where the rewards may come 
into conflict with each other.  A case that practically illus-
trates this problem is in a service industry environment 
where a robot is implemented to pick up objects for cleaning 
and/or attending to clients.  An example of conflicting re-
wards for this application would be achieving a high reward 
for quickly picking up objects which typically conflicts with 
minimizing any damage inflicted on the object during the 
picking up process.   

 
The innovative component of our research is that we will 

use multiple competing rewards for some states in contrast 
to the single reward per state method traditionally used in 
Reinforcement Learning.  We compare these two approaches 
through the implementation of a Lego Mindstorm robot that 
has been programmed with both learning methods.  The ob-
jective of our robot is to pick up objects quickly without 
damaging the object.  We illustrate the conditions under 
which it is advantageous to use a single state for competing 
rewards over a multi-state approach through practical com-
parisons on efficiency for our Lego robot.    

 
The objective of this research is to broaden the adaptabil-

ity of learning robots.  The impact on service industries, 
such as hotel and restaurant service, of this research would 
be to increase the acceptability of adaptable robots into 
fields of manual labor that have traditionally been limited 
due to the inflexibility of robots in dealing with dynamic 
situations.  
 

Introduction 
 
 Although robots have been used to perform tasks since the 
beginning of the industrial age, it is only in the past 20 years, 
since the advent of artificial intelligence research, that robots 
can handle tasks that are not completely repetitive [1].  A 
learning robot fundamentally differs from a robot that per-
forms a repetitive task in that the learning robot can modify 
its behavior with sensory feedback.  One of the most popular 
learning methods for implementing such robots is the Rein-

forcement Learning system [1].  This approach has been 
used to implement robots that can act as tour guides [2], ro-
botic nurses [3], and automobile drivers [4].  The learning 
component of these robots makes them more flexible so that 
they can modify their behavior.   
 
 Reinforcement Learning operates by modeling the envi-
ronment as a network of states, S, where actions, A, can be 
taken to move from one state to another.  Rewards, R, are 
associated with each state and the general goal is to maxi-
mize the long-term rewards one may obtain as one navigates 
through the environment.  In order to achieve this goal one 
needs to develop a function known as a ‘policy’ (represented 
by the symbol π) which maps states to action: π(S)→A.  
The main objective is to find what is known as an optimal 
policy, π* that produces the best long-term rewards navigat-
ing through the environment using function π* [5]. 
 
 The Reinforcement Learning approach to modeling the 
world and developing an optimal policy works very well for 
a broad range of applications.  However it is generally lim-
ited in the sense that it assumes a single reward for any 
given state [6] [7].  There are a variety of situations where 
this is not necessarily the case.  For instance, in a service 
industry robot, we may wish to implement a robot that can 
pick up objects for cleaning purposes, such as cleaning up 
hotel rooms.  One natural single state is to have successfully 
grabbed an object for pick up.  For an efficient cleaning ro-
bot to achieve this state of successfully grabbing an object 
for pick up, two problems however must be overcome.  First, 
enough pressure must be applied to the object with the ro-
bot’s grabbing apparatus so that the object does not slip 
through.  Second, excessive amounts of pressure must not be 
applied or the robot would damage the object. 
 
 These two challenges can be viewed as competing rewards 
to achieve the same state.  This state is the grabbing of the 
object, which is essentially applying just the right pressure to 
pick up the object without damaging it.  The competing 
computed rewards would be, the more pressure applied, the 
greater the chance of successfully picking up the object, with 
an opposing reward of the less pressure applied, the greater 
the chance of successfully not damaging the object for pick 
up. 
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 An alternative approach, which is often used, is to split the 
two competing rewards into separate states, one state for 
each reward.  However this is not a natural solution for 
many real situations such as the cleaning robot problem.  For 
the cleaning robot problem, for instance, the state of the 
amount of pressure applied to pick up an object is more 
naturally a single state.  
 
 The primary goal of this research is to discern the advan-
tages of combining competing rewards in a single state ver-
sus separating the rewards into separate states.  We also will 
determine the conditions under which it is more efficient to 
use separate states for each competing reward versus our 
combined reward/single state alternative. 
 
 The major benefit to adding in a multiple reward structure 
for each state is that we provide more options in implement-
ing robots.  This greater flexibility in implementation allows 
for greater adaptability in learning robots.  
 

Background on Reinforcement  
Learning 
  

A Reinforcement Learning system models the environ-
ment as a network of states, where transitions from one state 
to the next follow a Markov reward process on a finite set of 
N states.  Recall that we transition from one state to another 
by choosing an action that moves us into another state, given 
the current state we are in and the action chosen.  This pro-
duces a set of transition probabilities.  We choose actions 
based on a policy function π, which maps states to actions.  
The goal is to find an optimal policy that produces the best 
long-term rewards [1].  To do so, we start by arbitrarily 
choosing a policy and evaluating it for long-term rewards.  
This evaluation is possible due to the Markov process as-
sumption [8]. 
 

 
 

Figure 1. Program Flow Chart 
 

A Markov process implies that in a given state, n, one 
transitions to a next state, m, by the conditional probability 
model P(Si+1=m|Si=n), where we assume the transition prob-
abilities do not change over process time i (stationarity as-
sumption) [9].  Such a transition model can be represented 
by an N x N matrix P, where P(n,m) denotes P(Si+1=m|Si=n) 
for all process times i.  The reward Ri observed at time i is 
independent of all other rewards and states given the state Si 
visited at time i.  We also assume the reward model is sta-
tionary and therefore let r(n) denote E[Ri|Si=n] and s(n) de-
note var(Ri|Si=n) for all process times i.  Thus, r and s repre-
sent the vectors (of size N x 1) of expected rewards and re-
ward variances respectively over the different states 
n=1,...,N. 

 
The value function v(n) is defined to be the expected sum 

of rewards obtained by starting in a start state S0=n.  That is, 
v is a vector given by: 

      K+++= Pr2Pr γγrv   (1) 
where 0<γ <1 is a discounting term used on the rewards. 
 

We can solve this equation by substituting the infinite se-
quence with vector v to produce the equation: 

  Pvrv γ+= .      (2) 
 
Therefore, if P and r are known then v can be calculated 

explicitly by solving the matrix equation: 
  rvPI =− )( γ .    (3) 
 
We compute an estimate of the transition probabilities to 

produce our matrix P during our learning phase of the learn-
ing algorithm.  With our estimate of P and the rewards we 
collect during the learning phase to produce the vector r, we 
can create an estimate of the long-term rewards through the 
value function v [5].  All these values are dependent on the 
fixed policy function π.  Once we have evaluated this policy, 
we can then iteratively improve it by modifying the policy 
for each state to choose a better action giving improved 
long-term rewards.  It has been proven that one can non-
trivially improve a policy at every iteration of this process 
until an optimal policy has been reached [11]. 

 
A variety of approaches may be implemented to choose 

actions for states during the learning phase of the Rein-
forcement Learning algorithm.  For our implementation we 
will use a random uniform probability method to choose 
among all possible actions. 

 
When implementing a real-world robot using Reinforce-

ment Learning, most approaches use the single reward per 
state method [2][12].  However, in a real-world environ-
ment, such restrictions are very limiting when attempting to 
simulate a more dynamic robot that can adapt to gradient 
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conditions such as different degrees of pressure and tem-
perature.  The situation is especially challenging when at-
tempting to deal with ultimately developing humanoid type 
robots such as those considered by Peters et al. [13].   

 
Later robotic implementations dealing with more complex 

environments have created more complex functional type 
rewards without explicitly considering benefits and draw-
backs of actually splitting the rewards into multiple states.  
Zhumatiy et. al. [14], for instance created a robot with a 
functional reward dependent on both an obstacle and target 
value.  Our contribution is thus to consider such benefits and 
drawbacks to single function rewards versus splitting the 
reward into multiple states. 

 

Lego Robots 
  
 For our robotic implementation, we used the Lego Mind-
storm NXT kit to build our robot.  The NXT kit includes 
several essential components in order for it to be useful as a 
learning robot.  The most important components are the sen-
sors that allow for feedback to our robot to sense the state of 
its environment.  Without such sensors, it would be impossi-
ble to learn whether actions taken by the robot would be 
yielding positive or negative results.  There are three sensors 
that were used in our robot implementation: (1) a light sen-
sor that could send out a laser beam of light and measure the 
amount of reflected light when the beam hits an object, (2) 
an ultrasonic sensor that is used to measure distance by an 
approach similar to sonar detection, whereby distance is 
measured by measuring the time needed for an ultrasonic 
wave to be reflected back to the sensor, and (3) a touch sen-
sor, which can measure the degree to which the sensor but-
ton is pressed.  In addition to these sensors, the robot in-
cludes servomotors, which are essential in our robotic im-
plementation, so that we can apply continuous pressure 
through the motors on an object without destroying the mo-
tors themselves. 
 
 In addition to the hardware of the NXT kit that made the 
robot learning possible, is the software component.  The 
standard Graphical User Interface system for programming 
NXT robots is very limited.  However, Lego allows for oth-
ers to develop programming compilers for its system by 
making its byte code available for translation.  In our case, 
we used the NXC programming language, which stands for 
Not eXactly C [15].  This language allows for the creation of 
arrays, which are essential for the matrix vector computa-
tions in the Reinforcement Learning algorithm.  In addition, 
it includes random number generators and probability com-
putations needed for our uniform random choices during our 
learning phase as well as the computations of the probability 
matrix P.  Also the language allows for concurrent pro-

gramming mechanisms such as semaphores and mutexes to 
avoid multiple simultaneous accesses to controlled systems 
such as motors. 
 

Our Picking-Up Robot 
 
 For our robot implementation, we wished to create a robot 
that could pick up objects.  The variables included:  
1. the amount of pressure the robot could apply to the object 
in order to pick it up and 2.the speed at which it would try to 
pick up the object.  The robot needed to be able to sense if 
the object was being damaged during its picking up process, 
as well as whether it had dropped the object because the 
pressure it was applying was insufficient to hold the object. 
 

 
Figure 2. Picking-Up Robot 

 
 Figure 2 shows our completed robot.  The arm of the robot 
has both the touch sensor and ultrasonic sensor mounted on 
the arm.  The claws are used to grab the object.  In order to 
avoid destroying objects during our tests, we used a sponge 
to simulate a delicate object.  The touch sensor mounted 
above the claw would act as a sensor to decide when the 
object had been grabbed as well as if it too much pressure 
was being applied to the object or if the object was dropped.   
 
 The idea is that the touch sensor needs to be somewhat 
pressed in order for the robot to be aware that it has success-
fully gotten a hold of the object.  However, if too much pres-
sure is applied then the sponge would be squeezed exces-
sively and the touch sensor would be pressed beyond a cer-
tain threshold indicating the object had been damaged. 
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Figure 3. Pick-up Reward 

 
 Recall from our introduction that we have two competing 
rewards for a single state.  This state represents the amount 
of pressure applied to an object to pick it up.  One of the 
rewards would be a zero-one function, where if enough pres-
sure were applied to the object, then it would be enough to 
pick the object up producing a reward of one.  Before this 
threshold pressure is reached, this reward returns zero.  Fig-
ure 3 illustrates this reward, which we will call the Pick-up 
Reward.   

 
Figure 4. Not Crushed Reward 

 
 The competing reward also is dependent on the pressure 
state.  It returns a value of one as long as pressure is below a 
certain breaking threshold.  Once the pressure applied to the 
object exceeds that breaking threshold, the object is consid-
ered to have been damaged and a value of zero is returned.  
Figure 4 illustrates this reward, which we will call the Not 
Crushed Reward. 

 
Figure 5. Combined Reward 

 
 The two competing rewards combined can be viewed as 
the function illustrated in figure 5.  As pressure increases, 
zero reward is obtained until enough pressure is applied to 

pick up the object, then a reward of one is obtained.  This 
reward of one is only obtained if concurrently not too much 
pressure is applied or the breaking threshold is reached and 
the reward returned is zero. The actual sponge object we 
used can be dropped as well.  So if an insufficient amount of 
pressure is applied, then the sponge can be dropped, which 
we would consider a failed attempt. 
 
 Our objective during our experiments is to pick up the 
object as quickly as possible and return the arm to an initial 
start position.  The goal of picking up an object as quickly as 
possible is directly affected by how careful the robotic arm 
must be at picking up this delicate object.  The faster the 
object is picked up, the more likely it is damaged because 
greater pressure is generally needed to avoid the object from 
being dropped when it is being moved at faster speeds. 
 

Theoretical Analysis 
 
 The key issue we are addressing is whether there is an 
advantage to using a combined reward structure in a single 
state (when it is natural to do so) or is it best to artificially 
separate the rewards into two separate states in order to fit 
the natural Reinforcement Learning model.  In our service 
industry application, the single state of the pressure applied 
to the object we are attempting to pick up results in two re-
wards that somewhat oppose each other.  Each reward is a 
natural direct result of the pressure state and thus should 
both be assigned during that state.   
 
 A combined reward structure for a single state intuitively 
requires a greater degree of computation and depending on 
the complexity of how the rewards should interact, this 
could slow down computation time significantly.  However 
discretizing the rewards into separate states could also slow 
computation time.  Recall from equation 3 of the back-
ground section on Reinforcement Learning that we need to 
solve an N x N matrix equation in order to compute value 
estimates during a learning phase.  By splitting a single state 
into two states we actually increase the dimension size of 
our matrix to (N+1) x (N+1), also slowing computation time.  
The theoretical time to solve equation 3 is in the worst case 
O(N3).  Thus the theoretical increase in time complexity 
with the added state would be: 
   132333)1( ++=−+ NNNN . (4) 
Therefore, theoretically, if the state is only visited once per 
sampling estimate, then as long as the runtime for computing 
the more complex single state reward, R, is: 

     1323)( ++< NNcombinedR   (5) 
or O(N2), (i.e. the reward must run in quadratic time to the 
number of states or less) then the single combined state 
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should be faster.  However, if the state is visited N times per 
sampling estimate, the bound decreases to: 
   NNcombinedR /133)( ++<  (6) 
or O(N), (i.e. the reward must run in linear time to the num-
ber of states or less).  Note that these runtimes are based on a 
worst-case scenario of a fully connected network of states.  
The more sparsely connected the network of states, the 
lower this threshold would be. 
 
 In addition to the running time of the reward computation 
is the added possible advantage of using a function to com-
pute our combined reward.  Consider that the combined re-
ward that takes into account multiple factors to produce its 
reward for its state could be the result of a complex interac-
tion between the two or more rewards.  If one were to discre-
tize the rewards into separate states, the only way the re-
wards interact directly is through a discounting summation 
of equation 1.  This means that they, at best, proportionately 
weight the two rewards and add them together as the most 
complex interaction when split into separate states.  In con-
trast, a single state reward function could create a much 
more complex combined reward. 
 

Experiments 
 
 In our experiments, we compared our combined reward in 
a single state to two other approaches.  One alternative ap-
proach was to choose the state that assigned the Pick-up 
Reward first and then immediately follow that with a deter-
ministic transition to the Not-Crushed reward state.  How-
ever, if the Pick-up reward failed, then the robot immedi-
ately reset to try again during learning trials.  The second 
alternative approach was to choose the Not-Crushed reward 
state first then immediately followed with the Pick-up Re-
ward state but only if the Not-Crushed reward had not failed.  
We followed this approach since it seems intuitively obvious 
that if one fails to pick up the object, there is no point in 
testing if the object is crushed.  Similarly, if the object was 
crushed, there is no need to check if the object was picked 
up.   
 
 We ran 12 trials where each trial allowed for 3 minutes of 
learning to find an optimal choice of speed and pressure to 
pick up our sponge object without crushing it.  We recorded 
how many practice attempts were tried during each three 
minute learning phase.  We also recorded the times each 
practice attempt took and whether they failed to pick up the 
sponge or crushed it.  Finally for each trial we recorded an 
exploitation phase where the robot demonstrates the best-
learned attempt to pick up the sponge. 
 
 Figure 6 illustrates graphically the time that it took the 
robot to pick up the object using the best learned approach in 

each trial.  As can be seen graphically, the Combined Re-
ward in a single state for our pressure value, has the greatest 
variability in terms of learned result.  It not only produced 
the best-learned result (shortest time to successfully pick up 
the sponge without crushing it), but also the worst learned 
result (longest successful time) over our 12 trials.  We tested 
a null hypothesis that the means of the learned trials for each 
approach were different from each other ( ji µµ ≠ , where i 
and j represent our three different reward approaches, 

ji ≠ ).  With 99% confidence interval, none of the means 
could be accepted as different.  Thus we would accept that 
all three approaches on average produce comparable learned 
best pick-ups.  But the variance of the Combined Reward 
method did significantly differ from the other approaches.  
Using an F distribution test on the variances, the Combined 
Reward approach has a 98% confidence that the variance 
differs from the variance of the other two approaches 
( 6.4=ijf , 3.25=ikf , where i  is the Combine Reward 

approach, j  is the Not Crushed Reward approach, and k  is 
the Pick-up Reward approach). 
 

 
Figure 6: Time of Learned Pick-up 

 
 Looking at figure 6, the difference in variance implies that 
the Combined Reward approach tends to have the most vari-
ability in how well it learns.  The reason for this wider vari-
ability is due to two factors at work during the Combined 
Reward approach.  The first factor is that the Combined re-
ward requires a two-threshold test, which takes slightly 
longer to compute, which can result in fewer practice trials 
in our 3-minute learning time.  With fewer practice trials to 
learn from, this could lead to worse learned results.  The 
second factor is that the more nuanced reward can give a 
better measure of value function, leading to better learned 
results. 
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 What can be drawn from both our experimental results and 
our theoretical analysis, is that using a function that com-
bines multiple factors to produce a combined reward can 
yield better learned results because the reward can take into 
account more complex relationships between the rewards 
than the simple weighting that would result in splitting re-
wards into separate states.  But this benefit can be balanced 
out by the added computation time needed to produce this 
more complex reward.  Thus, sufficient learning time is 
needed for the benefits of the more nuanced combined re-
ward in a single state to be of benefit.  The amount of actual 
time to compute the combined reward should not exceed 
O(N2), assuming a constant number of visits to the state per 
learning trial. 
 

Conclusion 
 
 In this paper the researchers compared the traditional sin-
gle state per reward approach with using a combined reward 
that incorporates at least two or more reward factors into a 
state.  This combined reward allows for more subtle compu-
tations especially for reward factors that may oppose each 
other.  By allowing for more complex computed reward 
structures, we may produce better learned results.  We ex-
perimented on a practical implementation of this problem 
with a Lego robot that was charged with the task of learning 
to pick up a delicate object.  The robot needed to apply suf-
ficient pressure to pick up the object but not too much pres-
sure or the object would be crushed.   
 
 In terms of theoretical results, we demonstrated that in the 
worst case, the combined reward should not exceed O(N2) 
computation time or the benefit in terms of efficiency would 
be outweighed by cost to compute the reward.  However, 
this is a worst case scenario, and it is quite possible that the 
combined reward function must be significantly faster than 
O(N2) depending on the graph connectivity of the Rein-
forcement Learning model and the number of visits to the 
combined state.    
 
 From our robot experiments we demonstrated that the 
benefits of the more subtle combined reward can be out-
weighed by the extra time taken to compute the reward.  In 
our experiments, it resulted in greater variability in terms of 
learned ability.  Because we fixed the amount of learning 
time for our robot, the extra time needed to learn resulted in 
fewer practices to learn the task.  These fewer practices 
competed with the benefit of the more subtle reward to cause 
greater variability in terms of performance for our learned 
task.  Thus, for those considering using a complex function 
to compute rewards, they must take into account the amount 
of learning time allotted.  If a sufficient amount of learning 
time is allowed, then the more subtle combined reward 

structure can produce better learned results.  How much time 
should be allotted most likely is application dependent.   
 
 In terms of future work, we plan to expand on this investi-
gation to explore a variety of possible reward functions with 
the goal of implementing them in a practical service robot. 
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Abstract  
 
 The introduction of safety management systems (SMS) to 
the aircraft services industry has stressed the importance of 
collecting and measuring safety event data to continuously 
improve management and operational processes. Aircraft 
maintenance companies provide services to the aviation in-
dustry. These companies have begun to collect safety event 
data and now recognize the need to prepare reports based on 
this data. While collecting information presents its own dif-
ficulties, this study focuses on analyzing safety data and 
presenting information to facilitate management decision 
making. This study has developed a set of metrics designed 
to analyze the safety event data and report it in an organized 
manner to include trends, control charts, Pareto charts, and 
aging analysis. Aviation managers assessed the usefulness of 
the set of metrics. This study has demonstrated that a set of 
useful metrics can be developed based on the safety event 
data to support everyday management decisions, as well as 
provide a foundation for further metric development. 
 

Introduction 
 
 Aviation organizations have processes and procedures for 
collecting data, determining root causes, and recording the 
findings electronically in their safety event database system. 
The vast amount of information collected in company safety 
event databases needs to be distilled into a set of metrics in 
order for the data to be useful in decision-making. Within 
the Federal Aviation Administration’s (FAA) advisory circu-
lar pertaining to safety management systems, it states, “Au-
dits and other information-gathering activities are useful to 
management only if the information is distilled into a mean-
ingful form and conclusions are drawn to form a bottom 
line” [1, p.19]. The International Air Transport Association 
(IATA) states, “To be useful, the data must be transformed 
into information that can be used by system managers to 
make informed decisions” [2, p. 4]. Without a useful set of 
metrics, management and technicians will not be able to 
identify and implement the proper improvements to proc-
esses and procedures. 
 
 This paper discusses the development of a set of useful 
metrics designed to support management decisions for sys-
tem improvement. These metrics can be useful by providing 
up-to-date information regarding the safety event data that 

may be used by management to decide where improvement 
actions should be focused. The primary objective of the met-
rics developed was to provide useful information to support 
decisions made by management and to facilitate improve-
ments in the system. An estimated 80 to 90 percent of con-
tributing factors are under management control, while 10 to 
20 percent are under the technician’s control [3]. By analyz-
ing the data and presenting a useful set of metrics, manage-
ment has the ability to track and eliminate a large amount of 
the contributing factors that lead to errors, violations, and 
subsequent safety events within the workplace. Creating 
awareness and maximizing learning can be accomplished by 
sharing findings and recommendations with the affected 
employees [4]. Management can further reduce the remain-
ing 10–20 percent of contributing factors that are under the 
technician’s control by using these same metrics to increase 
awareness among the technicians and inspectors. 
 

Review of Literature 
  
A. Aviation Safety Management Systems 
 

Transport Canada, the International Civil Aviation Or-
ganization (ICAO), and the Federal Aviation Administration 
(FAA) are all globally recognized for their contributions to 
aviation safety and safety management systems (SMS). In 
2005, Transport Canada “placed the conceptual shifts in-
volved in an SMS into the forefront of many airlines’ agen-
das around the world” [5, p. 1]. ICAO’s Safety Management 
Manual is intended to support the implementation of safety 
management systems [6]. The FAA advises a minimum 
standard for an aviation SMS [1]. The FAA’s safety man-
agement standard is parallel to the framework developed by 
ICAO. The FAA issues and enforces regulations and mini-
mum standards for safety in civil aviation. As of September 
2008, the FAA does not require aviation service providers to 
implement an SMS, but in May 2008, the FAA recom-
mended action to prepare for future implementations of 
SMS. Updates to FAA regulations may be found at 
www.faa.gov. Since aviation organizations are extremely 
safety-conscious, many are beginning to implement their 
own SMS, prior to a federal regulation requiring one. 

 
A safety management system (SMS) has been defined as 

“an organized approach to managing safety, including the 
necessary organizational structures, accountabilities, policies 
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and procedures” [7, p. 1–2]. An SMS is designed to “in-
crease industry accountability, to instill a consistent and 
positive safety culture, and to help improve the safety per-
formance of air operators. This approach represents a sys-
tematic, explicit, and comprehensive process for managing 
risks to safety” [8]. In three SMS documents [1, 7, 9], data 
collection and analysis are included as a valuable element of 
an SMS. Analyzing the data collected from an audit pro-
gram, investigations, and employee reports allows an or-
ganization to be able to evaluate where improvements can be 
made to the organization’s operational processes, as well as 
the SMS [1]. 
 
B. Investigation of Contributing Factors 
 

The contributing factors to safety events are important to 
understand. Maintenance Error Decision Aid (MEDA) is an 
investigative process that was developed to determine con-
tributing factors [10]. “The central philosophy of the MEDA 
process is that people do not make errors on purpose. While 
some errors do result from people engaging in behavior they 
know is risky, errors are often made in situations where the 
person is actually attempting to do the right thing. In fact, it 
is possible for others in the same situation to make the same 
mistake” [11, p. 17].  

 
A large proportion of blame for errors has been tradition-

ally placed on the technician because of the assumption that 
human error may be attributed to the actions of an individual 
and not because of the contributions of the environment in 
which the individual is operating [12]. Reason’s Swiss 
Cheese model showed that events are not caused only by the 
last event, but that they are actually the end result of a long 
line of events of which the last act can be hazardous [13]. 
The MEDA tool was designed to take the investigator be-
yond the technician’s active error and to explore as far up 
the causal chain as time and money would permit to correct 
the contributing factors [11]. 
 
C. Safety Metrics 

 
The aviation industry strives for the same goal as any 

other industry—to reduce the number of events to zero. 
Measurements of safety performance allow a company to 
understand system performance and whether or not their 
safety processes are effective in reducing the amount of 
events [14]. Measurements may be used to help identify op-
portunities for improvement [15]. A sound measurement 
system supports decision making, indicates how the system 
is performing, helps in establishing priorities on important 
opportunities for improvement, and verifies that improve-
ments are working [16]. Accident investigation is one area 
that should be monitored to ensure continuous improvement 

of the entire safety system [4]. Recommended measurements 
include percentages of types and causes of events and their 
location, average time from incident to investigation com-
pleted, and average time from investigation completed to 
corrective action implemented [4]. 

 
Allocating scarce resources is a challenge management 

faces on a daily basis. The Pareto chart is one way to make 
educated decisions based on data analysis. The Pareto con-
cept, also known as the 80–20 rule, was developed by Vin-
cent Pareto and has demonstrated that 20 percent of the 
known variables will account for 80 percent of the results 
[17]. Pareto charts may be used to identify the large prob-
lems that may be reduced more quickly and with greater 
impact, as opposed to focusing on eliminating small prob-
lems [18]. Using a Pareto chart, management can see the 
arrangement of data (errors, defects, or failures), view the 
most frequent deficiencies of a system, and eliminate or re-
duce these items as much as possible. Some researchers have 
adapted quality management practices to fit safety manage-
ment’s needs. In one such study, Pareto charts were used to 
indicate the frequency, severity, and location of problems in 
a facility [19]. This data was combined with perception sur-
vey data (proactive measures) to obtain a more complete 
view of what was occurring in the workplace [19].    

 
Developing measurement systems is difficult, complex, 

and important [15]. When developing the set of metrics, the 
flow of the information through the system should also be 
addressed. Transport Canada [20] has documented the type 
of information that should be stored in such a database, as 
well as its path through the improvement process. The proc-
ess highlights both reactive and proactive data flow into a 
database. Data should then be analyzed and the results 
communicated throughout the facility as part of a continuous 
system evaluation. System evaluation should be a continu-
ous loop of information facilitating improvement to the 
SMS. In addition, measurements should be expected to 
change over time as conditions change [15]. By examining 
the literature, the authors defined the characteristics of useful 
metrics shown in Table 1.  

 
Table 1. Characteristics of Useful Metrics 

Easy to understand [10] 
Supports decision making [2, 15] 
Captures opportunities for improvement [1, 4, 15, 16] 
Provides understanding of system performance [1, 14, 16] 
Isolates important issues [16, 18] 
 

Methodology 
 
This paper presents the design and test of a set of useful 

metrics based on analysis of the types of safety event data 
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stored in a typical aviation SMS. These metrics are designed 
to facilitate management decisions in the continual im-
provement of safety and operational procedures at an avia-
tion organization. A four-step process was followed in the 
development of these metrics.  
 

The first step was to understand what data is available. 
The data available in an SMS database largely determines 
what data can be presented or analyzed. Typical databases 
collect information on the date, type of incident, location of 
incident, and other data recommended by standard ap-
proaches, such as Boeing’s MEDA [10, 11]. 
 

The second step was to develop the metric usefulness 
questionnaire. A questionnaire was developed to evaluate 
each metric for usefulness using questions based on the 
characteristics of useful metrics in Table 1. Scoring is based 
on a five-point Likert scale.  
 

The third step was to develop the metrics. Using knowl-
edge of aviation safety metrics and quality metrics, a set of 
metrics was developed using the data available in SMS data-
bases. The metrics were selected based on those that had the 
potential to convey trends and provide other potentially use-
ful information for management decisions.  
 

The fourth and final step was to validate the usefulness of 
the metrics. The metrics developed in Step 3 were presented 
to eight management-level aircraft maintenance industry 
experts for evaluation. During the review of the metrics, 
these managers participated in a discussion and ques-
tion/answer period. Finally, the experts were given an oppor-
tunity to voluntarily answer the questionnaire developed in 
Step 2 to evaluate the usefulness of the metrics. Participants, 
who were all from the same corporation, were instructed not 
to identify themselves on the questionnaires. The corpora-
tion had an active SMS policy, procedures, and database, but 
no set of metrics developed using the information available 
in the database. 
 

Metric Development 
 

From the literature and through multiple discussions with 
industry experts from the areas of quality, safety, and human 
factors, a total of eight metrics were chosen to support the 
decisions of managers and to drive system improvement 
efforts into the correct areas. The eight metrics are the aging 
of events, the number of events opened per month, the num-
ber of events closed per month, the number of days to re-
spond to an event, the number of days to take corrective ac-
tion, the frequency of each event type, the frequency of each 
severity level, and the frequency of causal factors.  

 

The developed metrics were limited by the categories con-
tained in the safety event database system. This section de-
scribes each of these metrics, what charts were used, and 
how the set of metrics can be used together to provide an 
illustration of the safety event data. No single metric is to be 
relied upon to describing the overall performance of the or-
ganization. As a group, these metrics provide insight into the 
information that may be presented by analyzing SMS data.  
 
A. Aging Chart 
 

An aging chart was selected to display the number of days 
that events have been open for all open events in the system. 
The chart is formatted as a histogram with boundaries set for 
five-day intervals, as seen in Figure 1. 

 

Figure 1. Event Aging Chart 
 

This type of information is a valuable tool in identifying 
those events that have exceeded a time limit set by manage-
ment. To develop an appropriate time limit, management 
will need to allocate appropriate resources to quickly resolve 
events and monitor the aging charts for a given period of 
time to determine where the standard should be set. 

 
B. Events Opened/Closed per Month  
 

Run charts and control charts were selected to provide in-
formation to managers regarding events opened and closed. 
These charts were selected for their applicability to proc-
esses that have variation due to both system causes and spe-
cial causes. Separate run charts for the number of events 
opened each month and the number of events closed each 
month were developed. Using statistical techniques, these 
charts may be analyzed to provide evidence of any patterns 
within the discrete data, such as trends, oscillations, mix-
tures, and clustering. Examples of discrete data may include 
the number of complaints, the number of defects, or, in this 
case, the number of events opened per month, as shown in 
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Figure 2. The run chart may be set to display the number of 
events over specified time periods such as years, months, 
quarters, or weeks. This allows management to tailor the 
chart to the time period of interest. As more data is collected, 
the sophistication of analysis may also include statistical 
process control to identify common cause and special cause 
variation, to better understand and eliminate the causes.  
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Figure 2. Run Chart of Events Opened Per Month 
 
C. Response Time 

Frequency histograms were selected for response time 
data presentation, as shown in Figure 3. Response time is 
defined as the number of days between the “Response due 
date” and the “Date response entered.” A negative number 
represents a response that was entered before the due date, 
and therefore, completed early. A positive number means the 
response was late. The goal of this measurement is to pro-
vide managers with an average on how accurately an event 
response due date is being predicted. The information in 
these charts could be used to signal further investigation to 
provide insight into why events are not being responded to 
on time or what is causing the responses to be early. The 
response data is charted using a histogram. 
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Figure 3. Response Time Histogram 

 

D. Corrective Action Time 
 

Frequency histograms were selected for corrective action 
time charts. These charts are similar in structure to those 
shown in Figure 3. Corrective action time is defined in this 
study as the number of days between the “Event Entered” 
date and the “Event Closed” date. Since an event can only be 
corrected in a positive amount of time, the charts produced 
will only indicate a positive number to the nearest day. In 
addition to displaying the distribution, the data may also be 
used to calculate other statistical measures such as average, 
median, and standard deviation. The data in these two charts 
is suitable for statistical process control charts. The man-
agement team chose to start their data analysis with fre-
quency histograms, and to later move to more sophisticated 
statistical methods when the situation warrants it. 
 
E. Frequency of Each Event Type 
 

A Pareto chart was selected to display the frequency of 
each event type for a given month. This information is dis-
played by month in Figure 4. One could use the Pareto chart 
to identify the most frequent event type, and then investigate 
further by viewing the run charts or control charts for the 
same time period to better understand system performance. 
The event types can be charted over the entire time span of 
the database or by a given time period, such as months, 
years, or quarters, depending on the needs of management. 
Following the 80–20 rule, these charts identify the important 
few events to focus improvement efforts. 
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Figure 4. Pareto Chart of Event Types 

 
The preceding six charts provide a general picture of the 

system. The remaining charts are meant to be used to gather 
additional information to clarify questions that may be raised 
during analysis of the preceding charts.  
 
F. Frequency of Event Severity Levels 
 

A Pareto chart was selected to provide more detailed in-
formation regarding the type of severity levels seen within 
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the database over a certain time period, in this case per 
month. In Figure 5, the most severe level is “D,” while the 
least severe is “A.” Tying this chart to the Pareto for event 
types allows management to view the distribution of severity 
levels in relation to the events occurring during the same 
time period. Management should be careful not to ignore the 
most severe events just because they may be the least fre-
quent. Events that are of severe levels should always be in-
vestigated.  
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Figure 5. Pareto Chart of Severity Level 

 

G. Frequency of Each Level of Causal Fac-
tors 
 

A Pareto chart was selected to display the frequencies of 
the first two causal factor categories, similar to the chart in 
Figure 5. Investigations into root cause identify the causal 
factors for events. Each causal factor is comprised of three 
levels of categories: factor class, causal factor type, and re-
sponse. The charts may be organized in a multitude of ways, 
depending on what is being investigated. In this study, the 
Pareto charts display the overall frequencies at each category 
level. Even at this level of granularity, management may 
begin to use these charts to understand which root causes are 
most common. This allows management to focus improve-
ment efforts on the areas that may lead to greater improve-
ments in a shorter period of time. 
 
H. Combining the Metrics 
 

When viewed independently, these charts provide infor-
mation regarding measured aspects of the safety and quality 
systems. Though valuable as independent sources of infor-
mation, the advantage of these metrics is that they may be 
used together to support management decisions. An out of 
control data point on statistical process control charts for 
events opened or closed per month can drive a manager to 
investigate the type of events, their severity levels, and what 
type of causal factors were found. Furthermore, the correc-

tive action time and response accuracy can be tied in with 
the severity level and event type to determine why corrective 
action times and responses were at certain levels. The infor-
mation discovered during these investigations can be used to 
improve processes, provide foundations for new standards, 
create new measurements, and aid in the development of 
new processes in the future. As SMS data becomes more 
prevalent due to future federal mandates, the need for analy-
sis of the data becomes more pronounced as companies seek 
to gain insights into the system and to make informed deci-
sions to improve safety management. A set of metrics pro-
vide more detailed information than a single metric.  

 

Usefulness of Metrics 
 

Once the analysis of the safety event data and the devel-
opment of the metrics concluded, the metrics and sample 
charts were presented to a group of eight aviation industry 
experts. The experts represented management from areas 
including quality, safety, human factors, and information 
technology. These managers were of the level that had deci-
sion-making authority, understood SMS, and could allocate 
resources to resolve problems. During the presentation, the 
managers demonstrated keen interest in the metrics as they 
began to discuss ideas such as how to more specifically 
identify the categories of causal factors and event types in 
their SMS data collection.  
 

A total of eight managers participated in the questionnaire. 
The questionnaire asked for a Likert scale rating from 1 
(strongly disagree) to 5 (strongly agree) for seven state-
ments:  

1. The metrics were easy to understand. 
2. I am able to make decisions supported by these metrics. 
3. The metrics identify opportunities for improvement. 
4. The metrics assist in displaying the level of system per-
formance. 
5. The metrics identify important issues. 
6. I would use these metrics on a regular basis. 
7. These metrics should be included in reports. 
 
The results for each question were collected and are re-

ported in aggregate. The overall mean score was 4.38, with a 
median of 4.5. Question 5 had the highest mean score at 
4.63, while question 6 scored the lowest at 4. A score less 
than four was assigned by four respondents, three times for 
question 6 and once for question 2. Overall, these scores 
indicate that the respondents agreed that the metrics pro-
duced in this study contained useful information. Since the 
metrics produced in this study were the first set of metrics 
created for the SMS and seen by these managers, it is under-
standable if these managers may not immediately declare to 
use them on a regular basis. 
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Conclusions 
 

International mandates for Safety Management Systems 
affect the entire aviation system, not just airlines or airports. 
Aviation service providers must also participate in SMS. 
While not US law as of September 2008, the FAA has SMS 
working groups and anticipates the mandate of SMS in US 
aviation in the near future. Currently, several aviation ser-
vices companies collect SMS data, but perform little or no 
analysis of the data that may be used for decision-making. 
This study developed a set of useful SMS metrics through 
the review of previous literature in the areas of data collec-
tion, data analysis, and existing safety measures, as well as 
discussions with aviation industry experts. The outcome is a 
set of useful metrics that have already begun to support man-
agement decisions at one company who chose to adopt them. 
This study did not seek to develop a comprehensive set of 
company performance metrics. This study has provided a 
foundation for future research and development of safety 
event data analysis and metric systems.  
 

The primary objective of the safety event metrics devel-
oped in this study was to provide useful information to man-
agement. These metrics are meant to support decisions made 
by management and to facilitate improvements in the sys-
tem. During the presentation of the metrics to the group of 
industry experts, the usefulness of the metrics became ap-
parent. During the presentation, the managers began discuss-
ing ideas of how to incorporate these metrics into more lo-
calized measures, such as scorecards for each work area. 
Based on the metrics presented, the managers also discussed 
how to gather more specific categories of causal factors and 
event types in their data collection.  

 
The usefulness of the set of metrics developed in this 

study is supported by the results of a voluntary question-
naire. The experts who participated in the metric presenta-
tion were given an opportunity to answer the questionnaire 
and provide their opinion on the usefulness of the developed 
metrics. Respondents represented management from areas 
including quality, safety, human factors, and information 
technology. The results of the questionnaires confirm that 
this set of metrics is useful, and that the analysis of safety 
event data may be used to support management decisions.  

 
The literature reviewed described the common elements of 

various safety management systems, how root causes are 
determined, and the characteristics of useful metrics. Based 
on the analysis of the safety event data and the results of the 
questionnaire, the data in a safety event database can be ana-
lyzed to produce useful metrics to support management de-
cisions.  
 

Recommendations 
 

This paper assumes that organizations have taken the first 
step in developing useful metrics by collecting data from 
every safety event, regardless of the severity of the event. 
The developed metrics were determined to be useful accord-
ing to a group of aviation experts who rely on information to 
make decisions. As aviation organizations begin to under-
stand what type of data is useful and make necessary 
changes to their database systems, the organizations should 
continue to develop metrics to support decision-making.  
 

By identifying the specific work area or product type, the 
data could be used to provide more specific information re-
garding safety events. This information could allow manag-
ers to pinpoint the events by focusing on a specific area of 
the facility. In addition to localizing events, placing specific 
weights on certain types of information could provide a 
more useful metric. One example would be to weigh the 
events per time period by the number of labor-hours ex-
pended. Labor-hours are a common measurement and are 
already collected by most aviation organizations. More de-
tailed charts could be created for the aging charts, with spe-
cific aging charts for each event type or severity level. This 
could help management gain an understanding of the trends 
for each category and allow them to create a baseline for the 
amount of time an event should remain open.  

 
As the metric systems are developed and improved for 

safety management systems, the addition of analyzing sever-
ity and risk of each event type could prove to be valuable. 
Severity and risk are already a category in many SMS data-
bases. Any new metric should go through an approval proc-
ess similar to this study’s questionnaire. A questionnaire 
process should involve representatives of any group that will 
rely on the information if the metric is implemented. Creat-
ing a metric approval process to guarantee its usefulness will 
lead to a useful set of measurements, with each metric serv-
ing a purpose to the managers who will rely on the informa-
tion to make decisions.  
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Abstract  
 

A phonetic recognition and reaction measuring tool is pre-
sently in use by sociological and psychological researchers 
at the University of Washington. The tool makes use of a 
system known as the Head Turn Technique (HTT). The tool 
measures the test participant’s response to subtle changes in 
phonetics he or she is hearing by sensing the movement of 
the participant’s attention focus toward the source of the 
phonetic stimulus. The existing tool has been largely un-
changed for five years and may benefit from a technological 
revision. The tool, as it is, relies heavily upon human inter-
face, which may be contributing to inaccuracy of measure-
ment and limitations in the types and richness of data that 
are captured. In the existing process, a test administrator 
manually initiates the event prompting the change in the 
focus of the subject’s attention. The occurrence or non-
occurrence of the response is then judged by the test admin-
istrator. Computer control is limited to the generation of the 
phonetic stimulus. The proposed revision includes a laser 
pointing device and a laser light receptor array, software 
modification, and revision of the test procedure. The en-
hancement could add the ability not only to detect the occur-
rence of the head turn event but also to time various aspects 
of the event. Computer software would trace the path of the 
laser pointer’s beam as the head is moved and hence the 
precision with which the head is moved. It could also meas-
ure the divergence between the orientation of the head and 
the focus of attention. 
 

Introduction 
 

The present iteration of the HTT test process was devel-
oped for use in measuring infant and toddler response to 
subtle changes in the phonetic composition of sounds to 
which the child is being exposed [1, 2]. Figure 1 presents a 
plan of the test layout showing one of the team members and 
the test participant. Figure 1 does not show the second test 
team member, since that member is not present at the test 
location but administers the test from a remote location. As 
can be seen by examination of Figure 1, the toy waver is 
situated approximately 30 to 45 degrees to the participant’s 
right, while the loudspeaker and display are 30 to 45 degrees 
to the participant’s left. 

 

Related Research 
 
The process presently includes two test team  members in 

addition to the test participant. The team is comprised of the 
test administrator and the toy waver. The test administrator’s 
function is to manipulate the computer that is in control of 
the generation of the phonetic stream and to record the re-
sponse of the participant. The phonetic stream is composed 
of a sequence of phonetic sounds that are presented as single 
syllables to the participant through a loudspeaker. In the 
sequence, a phonetic is repeated several times. At a given 
point in the sequence, the phonetic undergoes a subtle 
change hereinafter known as a phonetic change event. As an 
example, the phonetic “Lah” may be repeated until the test 
administrator initiates the phonetic change event. At this 
point, the phonetic “Bah” is repeated three times. This pho-
netic sequence may be better understood by examining Fig-
ure 5. The goal of the test is to measure the participant’s 
reaction to the phonetic change event. Participant gaze reori-
entation, coincident with the phonetic change event toward 
the speaker from which the sounds are emanating, is re-
corded by the test administrator as a successful detection by 
the participant that a phonetic change event has occurred.  
 

The toy waver’s function is to attract and maintain the at-
tention of the participant by use of actions and gestures with 
the toy. In addition to these two members, the parent of the 
infant or toddler participant may be present to reduce tension 
in the participant. The test administrator is not visible to the 
toy waver, the participant, or the parent of the participant. In 
this way, neither the toy waver nor the parent will know 
when the phonetic change event will take place. This is im-
portant, since such pre-awareness might prompt the parent or 
toy waver to anticipate the movement of the participant’s 
head with an inadvertent glance in the direction of the loud-
speaker. Such actions have been demonstrated to be sensed 
by participants, a phenomenon referred to as gaze following 
[3]. Such gaze following would create an undesired control 
variable that would have a contaminating effect on the out-
come of the test.  
 

Test participants are males or females not younger than 
the age of six months. In the present test process, the infant 
or toddler participant is placed in the parent’s lap in close 
proximity to the toy waver and to the loudspeaker and dis-
play. The toy waver maintains the concentration of the par-
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ticipant by showing the participant a toy, generally a stuffed 
animal. Simultaneously, the computer software used to ad-
minister the test causes an audible repetition of a syllable 
which is common in the English language. An example is 
“Lah.” The phonetic “Lah” is repeated at a rate of approxi-
mately once per two seconds. At an appropriate moment, the 
test administrator, through computer control, initiates the 
phonetic change event, at which point the repeated phonetic 
changes from “Lah” to another phonetic, “Bah,” for exam-
ple. The changed sound is repeated three times, and then the 
software reverts back to the original phonetic. With the 
change in the phonetic, the display that is on the same axis 
as the loudspeaker will present a picture of a stuffed animal. 
In this way the participant is presented with a pleasing sti-
mulus as a reward for having noticed a change in the syllable 
that is being repeated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Plan of Test Process Layout 
 

 As depicted in Figure 2, the function of the toy waver is 
to maintain the concentration of the participant for the dura-
tion of the test. In this figure, the child’s attention is being 
attracted by the toy waver, and the focus of the child’s gaze 
reflects the child’s attention to the toy waver’s activities [4]. 
This referent attention associated with gaze has been demon-
strated in infants as young as six months [5]. The child’s 
gaze is fixed upon the toy, and the head position reflects the 
attention of the child. While the child is watching the toy 
waver, the loudspeaker emits the repeated phonetic: 
“…Lah…Lah…Lah…” 

 
When the test administrator is confident that the child’s at-

tention is properly fixed on the toy, he or she initiates the 
phonetic change event. Simultaneous with this change in the 
phonetic, the monitor presents an image of a stuffed animal 
similar to the one held by the toy waver. The initiation of 
this image is delayed slightly so that it is clear that the 
change in the participant’s focus of attention was caused by 

the change in sound and not by the occurrence of the image 
on the display. 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Participant’s Gaze and Attention Focused on the  
Toy 
 

The participant’s attention shifts to the loudspeaker and 
display at the moment that the participant senses the pho-
netic change event. This realignment of the attention axis or 
the absence of same is observed by the test administrator. 
Successful detection of the phonetic change is indicated by a 
shift in the participant’s gaze toward the loudspeaker and 
display as depicted in Figure 3. This reorientation of gaze in 
known as the head turn event.  
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Participant’s Gaze and Attention Focused on the Display 
 

It is up to the test administrator to record that the head turn 
event has been executed. The test administrator records oc-
currence or nonoccurrence only. There is no ability to fix in 
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time the occurrence of the phonetic change event or the head 
turn event.  
 

Enhancements to Existing System 
 

This conceptual article presents a revision of the HTT. 
The revision could enhance observations in four ways: 
1. It has the potential to provide the ability to measure the 
time interval between the phonetic change event and the 
beginning of the head turn event. 
2. It has the potential to measure the time interval between 
the beginning of the head turn event and the end of the head 
turn event. (These two intervals are summed to produce the 
total time interval between initiation of the phonetic change 
event and the completion of the head turn event.) 
3.It has the potential to trace and store the path of head 
pointing during the head turn sequence.  
4. It has the potential to measure the divergence between the 
orientation of the head and the focus of attention. 
 

The revision makes use of a system that permits accurate 
measurement of the orientation of the head as well as timing 
of the head turn test sequence. It embodies two hardware 
elements not in use in the present system design. These 
hardware elements include a laser pointing device (LPD) 
embedded in a cap that is worn by the participant and a laser 
receptor array (LRA), which detects the direction in which 
the LPD is oriented and then generates two binary numbers 
corresponding to that direction. The first binary number cor-
responds to the horizontal orientation, while the second 
number corresponds to the vertical orientation. The en-
hancement also embodies a software element that converts 
the binary number generated by the LRA to a virtual loca-
tion, which is stored by the administrator’s computer and 
which is presented on the monitor that the administrator is 
using. These revisions necessitate several procedural addi-
tions and modifications to the test procedure.   
 

Laser Pointing Device (LPD) 
 
The  infant and/or toddler participant will wear a knitted 

or similar cap to which an LPD is fixed. Such devices are 
available at minimal cost. They are small and light. The 
most difficult aspect of LPD design is its packaging and 
mounting. An LPD resembles a shorter version of an instruc-
tor’s laser pointer. Such a device will be mounted to the par-
ticipant’s cap. Since the device is small in size and light in 
weight and since infants and toddlers are accustomed to 
wearing caps, it is anticipated that the LPD will create no 
distraction to the participant. It is well known that such de-
vices emit a finely focused light in the visible spectrum, a 
bright red dot. This red dot might serve to distract the par-
ticipant if it is visible to the participant. To overcome this 
shortcoming, it is proposed that the LPD be oriented rear-

ward so that its emitted light is out of the field of view of the 
participant.  

 

Laser Receptor Array (LRA) 
 
The second hardware addition is the LRA. Such an array 

resembles a segment of the surface of a sphere that measures 
60 degrees vertical by 120 degrees horizontal. The complete 
sphere has a diameter of 2–3 meters. On this surface are 
mounted multiple receptor elements in a square matrix or 
square grid. The distance between elements (element den-
sity) is dictated by the beam width of the laser emitter and 
the desired resolution of the path measurement discussed 
below. In the present configuration, the participant is held on 
the parent’s lap. Since the laser is directed rearward, the 
presence of the parent behind the participant’s head would 
block the laser; consequently, under the revised design, the 
parent will not be present at the test location. As shown in 
Figure 4, nothing can be interposed between the participant 
and the LRA; consequently, the participant may not sit on 
the parent’s lap.  

 
The distance between the participant and the LRA is an-

ticipated to be between 1–1.5 meters. The shape and size of 
the LRA must be such that an element is available to be il-
luminated by the LPD at all potential orientations of the 
head of the participant regardless of the attention source. 
The function of the array is to create two binary numbers for 
processing by the software routine that is resident in the ad-
ministrator’s computer. As revealed previously, the two 
numbers will be generated by the array based upon which 
element is illuminated in the horizontal and the vertical axis. 
The representative binary numbers will be transferred to the 
computer that is being used to control the test. The layout of 
the revision is presented in Figure 4.  

 
 

 

              
 
   
Figure 4. Revised Test System Layout 
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Software 
 
In the existing test configuration, the software is used to 

initiate the change in phonetics. Under the revision, it is nec-
essary to modify this software so as to add several capabili-
ties, as follows:  

 
1.The revised software must embody a graphic user interface 
(GUI) that serves as a “dashboard” for the test administrator. 
This dashboard must give the administrator control over 
those functions necessary to perform the test, store the re-
sults, display the test as it occurs, replay the test, and ma-
thematically analyze the test from a time/event standpoint.   
2. The revised software must be able to receive and process 
the binary numbers from the LRA to display the orientation 
of the laser dot on the computer monitor and to store that 
location in memory.  
3. The revised software must be capable of executing all of 
the existing functions plus all of the additional functions of 
the revised test procedure. These functions include phonetic 
change event initiation, graphic presentation of the orienta-
tion and movement of the head in the appropriate format, 
control of the phonetic that is broadcast via the loudspeaker, 
control of the presentation of the toy on the participant’s 
monitor, storage of data that is captured during the test, re-
play of stored test results, and the ability to process test re-
sults such that the beginning and end of the head turn event 
can be established.  
 

Capturing the Head Turn Event 
   
As a starting point on software and GUI development, the 

ability to capture the time measured in seconds at which the 
phonetic change event occurs is proposed. This time event 
(designated “T1”) will begin the time interval measurement 
sequence. The occurrence of the phonetic change initiation 
will start a timer within the software. Resolution of the timer 
should be at least three decimal places, providing the ability 
to measure time with an accuracy of .001 second. A time 
designation “T2” will be given to the time at which the ori-
entation of the head begins its excursion from its initial posi-
tion (focused on the toy waver’s activity) to its new atten-
tion. Finally, the designation “T3” is given to the time at 
which the head is fixed at its terminal position (focused on 
the loudspeaker and monitor). Figure 5 may be examined to 
provide a better understanding of the time sequence. 

 
 
 
 
 
 
 

 
 

 
 
Lah…Lah…Lah…Bah…Bah…Bah…Lah…Lah….Lah….. 
                           
 

 
Figure 5.  Timeline for Phonetic Change and Head Turn 
Occurrence 
 

In the interest of clarity, the following explanation is pre-
sented. As the test sequence begins, the test administrator 
will direct the toy waver to begin the activities that are in-
tended to hold the attention of the test participant. The par-
ticipant’s attention, indicated by gaze, will focus on the toy 
and toy waver. The control computer will direct a phonetic 
syllable to the loudspeaker. The software must have the abil-
ity to record the output of the LRA, which will indicate that 
the participant is paying attention to the toy and toy waver. 
When the administrator is satisfied that the attention of the 
participant is attracted to the toy, the administrator will initi-
ate the phonetic change event. The software must have the 
ability to designate this time as “T1.” The control computer 
will then direct the new phonetic syllable to the loudspeaker.   

 
As the participant senses the change in phonetic, his or her 

gaze will begin to reorient toward the loudspeaker and dis-
play. The head will begin to shift, reflecting that the partici-
pant is intending to shift his or her gaze in the direction of 
the loudspeaker and display. The test software will sense this 
change in gaze orientation predicated by a change in the 
binary numbers that are created by the LRA. The test soft-
ware routine will designate the instant in time at which the 
head began to move as “T2.”  

 
The participant’s head will continue to move until it has 

become fully reoriented in the direction of the loudspeaker 
and display, at which point it will stop. The output of the 
LRA will generate two binary numbers that indicate the new 
head orientation. These numbers will be processed by the 
control software routine, which will designate the time at 
which the head stopped as “T3.”    
 

As the head moves from its initial to its terminal position, 
the LPD will illuminate and activate elements in the array 
that capture the instantaneous orientation of the head. The 
LRA will output binary numbers, which will be sent to the 
control computer for processing in the control software. A 
subroutine within that software will map this path and dis-
play the path on a two-dimensional grid that is part of the 
GUI, as shown in Figure 6. This map or path will essentially 
be a history of the participant’s head movement for the dura-
tion of the test. The subroutine will also have the power to 

T1             T2                  T3   
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store the history of the head movement for statistical proc-
essing and for the purpose of replay.  
 

 
Figure 6. Notional Map or Path as Displayed on the Control  
Computer as Part of the GUI 

 

Test Format 
 
Post-revision, the control of the entire test process will be 

relinquished to the computer and software. The action by the 
test administrator will be simply to initiate the test immedi-
ately after the attention of the participant is focused on the 
toy waver. Occurrence or non-occurrence of the head turn 
event would be sensed by the computer and software as it 
establishes the occurrence of T1, T2, and T3.  

    

Calibration Sequence 
 
As the participant’s gaze is focused on the toy waver, his 

or her head is oriented toward the toy. Hence, the LRA ele-
ments that are being illuminated are expected to fall within a 
specific area, which is designated the rest gaze axis area of 
uncertainty (RGAAU). As the participant’s gaze shifts to the 
loudspeaker and display, the head orientation will also shift, 
illuminating LRA elements that are within a stimulated gaze 
axis area of uncertainty (SGAAU). Owing to differences in 
each participant’s muscular coordination, it may be neces-
sary to recalibrate the test system with each new participant. 
A young participant with a poorly developed ability to hold 
his or her head still while gazing at an object would be ex-
pected to illuminate LRA elements over a relatively large 
area. On the other hand, an older participant with better 
muscular control might be expected to hold his or her head 
relatively still while looking at the object. In the case of the 
older participant, the area of illumination would be expected 
to be smaller than for a younger infant. 

  
The beginning of the head turn event is established as the 

head begins to turn in the direction of the loudspeaker. This 
motion results in an LRA element being activated that is 
outside of the area within which all element activations indi-
cate that the participant’s head is oriented toward the toy 
waver. The reader’s attention is invited to Figure 6. For pur-
pose of clarity, the beginning of the head turn event (T2) 

would be established at the time when the red path moves 
outside of the green circle designating the RGAAU. The 
software would be written such that it detects the instant at 
which this occurs and stores the time of occurrence. The end 
of the head turn event (T3) is determined to occur at a time 
after T2 when all subsequent element activations occur with-
in the SGAAU, the blue circle on Figure 6.  The borders of 
these areas of uncertainty must be precisely determined to 
determine with precision the times of occurrences of T2 and 
T3. As discussed above, the location and dimensions of 
these areas of uncertainty would be expected to be different 
from one participant to the next. Consequently, the test sys-
tem would need to embody a calibration mode intended to 
determine the location and dimension of these areas of un-
certainty before the test is conducted.  

 
The calibration procedure would be executed by the test 

administrator before each test. A notional calibration proce-
dure is as follows:  

 
1. Participant takes his or her place within the test position 
with cap on and LPD energized.  
2. Toy waver attracts the attention of the participant to invite 
attention to the initial position.  
3. Position of the head as detected by array element illumina-
tion and presented on the  control computer monitor is noted 
by the test administrator. (It is anticipated that multiple ele-
ments will be illuminated owing to lapses in muscle control 
creating  inadvertent movements of the head, in spite of the 
fact that the focus of attention has  not changed. The soft-
ware modification making use of the map discussed above 
would give the test administrator the ability to place a circle 
around all element illuminations on the monitor by use of 
the mouse cursor. The child’s gaze will focus on  toy waver 
activity. The circle provided will declare the RGAAU. At 
the initiation of T1 during the actual test, the head will move 
outside of this circle as it  begins its excursion to the new 
attention source. After T1, two subsequent element  illumina-
tions outside of this circle will be recognized by test soft-
ware as T2 during the actual test.) 
4. The test administrator initiates an audible event that in-
vites the attention of the participant to the loudspeaker and 
display axis. 
5. Repeat step 3. The circle provided as described above is 
declared to be the SGAAU. Two subsequent illuminations of 
elements within this circle during the test will be recognized 
by the software as T3.  

 

Potential Angular Accuracy  
 
Angular accuracy is imparted by the number, position, and 

density of the elements in the LRA. The maximum number 
of elements will be established by the size of the footprint of 
the laser emission as it strikes the array and the size of the 
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receptor elements. The LPD may be assumed to have a beam 
width that will not exceed 0.3 degrees, which is typical for 
the emitters used in such devices. It is anticipated that the 
distance from the head of the participant to the surface of the 
array should be on the order of 1–1.5 meters so that the array 
may be kept to a manageable size. At this distance, the foot-
print of the laser illumination is roughly 3–5 mm.  

 
It is unlikely that orientation measurements will need to be 

accurate to less than one degree on either axis. More likely, 
3–5-degree accuracy will be more than sufficient. At 1 meter 
away, the separation of receptor elements will need to be 52 
mm to provide 3-degree resolution. It is further anticipated 
that the head position will need to be measured in a pre-
dominantly horizontal axis. As the participant turns his or 
her head from RGAAU to SGAAU, the head could be ex-
pected to traverse a horizontal arc described by 60 degrees. 
To permit the capture of element illumination produced as 
the head overshoots and then corrects, the array should go 
beyond the 60-degree arc by an additional 30 degrees in both 
directions. The total horizontal span of the array must there-
fore be 120 degrees. The array should also permit the cap-
ture of information as the head moves off axis in the vertical 
direction. This means that the array must permit element 
illumination 30 degrees above and below horizontal for a 
total vertical arc of 60 degrees. Given the 3-degree resolu-
tion requirement, such an array will contain 800 receptor 
elements. Higher element density provides additional accu-
racy in the angular measurement.  

 
Considering the physical and optical parameters of the 

LPD and the individual receptor elements, it may be neces-
sary to defocus the LPD to broaden the footprint. In this 
way, the likelihood that no element is illuminated by the 
LPD because of the wide space between receptor elements 
can be minimized.   

 

Potential Time Accuracy 
 
Time accuracy is a function of the parameters established 

in the subroutine that initiates the test and captures the posi-
tion data from the LRA. Time accuracy resolution must be 
sufficient to capture the activation of each of the receptors as 
they are illuminated. Angular rotation of the head of the par-
ticipant can be expected to be as high as 300 degrees per 
second for the time during which the head is in motion from 
its initial position to its new position. This means that a 60-
degree movement can be executed in 200 milliseconds. It is 
unlikely that head motion in participants will exceed this 
rate. During that time, the LPD will have illuminated not 
less than 20 receptor elements. Therefore, test software must 
be able to capture 100 receptor activations per second. For 
this reason, a minimum of three digits to the right of the de-

cimal point are needed to capture all receptor activation 
events.  

 

Next Research Phases 
 

The disciplines involved in this project include electronic 
engineering technology, computer engineering technology, 
software engineering, sociology, and medicine. As has been 
stated, the LRA must be constructed. Conceptually, this ar-
ray makes use of a fairly simple photo transistor coupled to a 
binary number generator. Any undergraduate or graduate 
electronic engineering or technology program would contain 
the expertise to develop, construct, test, and produce this 
array. The LRA produces a binary number which represents 
the elements that have been activated by the LPD. This 
number is sent to the control computer and processed by the 
software that is resident in that computer. Again, an under-
graduate computer engineering program would contain the 
expertise required to develop the interface between the LRA 
and the control computer. Development of the software 
might be the most complex task in the implementation of the 
system. This task may best be executed in a graduate-level 
software design program.  

 
While the system design and implementation invokes 

technical or engineering disciplines, its employment is clear-
ly within the disciplines of medicine or sociology. The grad-
uate program at Washington University, in which the foun-
dations of the concept were initially laid, can be observed as 
establishing the parameters of such programs. 

 

Summary and Implications  
 
As can be seen, the revision to the existing test provides 

the ability to measure the speed with which the participant is 
able to process the perception of an audible stimulus and 
convert it to a completed head turn response. For the concept 
to be valid, some measure of accuracy must be part of the 
measurement. This need for accuracy is predicated upon the 
idea that head position is an accurate indicator of focus of 
attention. This need not be assumed, since Caron, Butler, 
and Brooks [4] demonstrated the relationship at least in in-
fants that have reached the age of 12 months. Parentheti-
cally, the revision to the HTT might facilitate the measure-
ments suggested by Caron et al. in younger infants. Since a 
connection has been established between certain pathologies 
and impairment of the head turn function [6], the measure-
ment of these times can be a useful diagnostic tool for identi-
fying conditions that impact such times, choosing therapies 
intended to remediate such conditions and longitudinally 
testing the success of those therapies when applied. The he-
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reditary connection examined by other researchers [7] could 
also be further explored.  

 
There is cross-sectional value in determining the impact of 

various environmental factors upon such measurements. It 
may be inferred that the interval T1 to T2 is useful in meas-
uring mental processing time, while the interval T2 to T3 is 
an indicator of muscle control and optical/auditory perform-
ance. The impact of a wide array of factors upon these times 
could be tested.  

 
This technique could be applied in the Freiberg and Cras-

sini [8] examination of infant sensitivity to Sound Power 
Level (SPL). Minor adaptations that could be implemented 
by the tester are all that are required. The Hollich, Newman, 
and Jusczyk [9] inquiry into an infant’s ability to synchro-
nize visual and audible stimuli might enjoy a new dimen-
sion. The study conducted by Liu, Kuhl, and Tsoa [1] could 
be expanded to measure not only the basic response to the 
audible stimulus but the speed with which the response is 
executed. Additional potential applications of the test are 
numerous.    
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Introduction 
 

KiCad is software for the creation of electronic schematic 
diagrams and printed circuit board artwork.  It is useful for 
everybody working in electronic design, supporting the de-
sign of printed circuit boards with up to 16 copper layers.  
KiCad runs on GNU/Linux and MS Windows.  It is occa-
sionally tested on various versions of UNIX, especially 
FreeBSD and Solaris, and there are unofficial binaries for 
Macintosh.  I primarily run KiCad on Windows Vista, as 
well as Windows XP. 
 

For my research, I primarily develop relatively simple 
adapter cards for use with commercially manufactured off-
the-shelf development boards.  As an educator, I am respon-
sible for providing students with electronic CAD software 
for use in their projects.  KiCad is ideal in both cases.  After 
researching the product on the Web, I notice that others use 
KiCad in more sophisticated designs such as embedded mi-
croprocessor systems. 
 

The package is comprised of the following programs.  The 
project manager, also named KiCad, organizes files in a pro-
ject and launches the remaining tools: 
 
KiCad – Project manager 
Eeschema – Schematic capture tool 
Cvpcb – Component selector tools 
Pcbnew – P.C. board layout tool 
Gerbview – Gerber file viewer tool 
 

Many of the tools include additional attendant software.  
The schematic capture tool and the P.C. board layout tool 
each have its own editor for creating or modifying schematic 
symbols and the corresponding artwork, respectively.  The 
layout tool also includes auto-router software. 
 

Using KiCad 
 

To begin, first create a new project.  Next, produce sche-
matics.  The component selector is used to match schematic 
symbols with the corresponding artwork or footprint.  The 
layout tool produces industry standard Gerber files and drill 
files so that you are free to choose a board manufacturer.  
The artwork can be viewed in two or three dimensions.   
 

Figure 11 is the schematic capture tool.  With buttons 
along three sides of a window, the tools are neatly organized 
and uncluttered.  Pop-up hints describe the function of each 
button.  There is also an undo feature. 
 

 
Figure 1. Schematic capture 
 
The pull-down menus are neatly organized and easy to un-
derstand.  As shown in Figure , the final layout can be ren-
dered in three dimensions.  A companion program called 
Wings3D, not reviewed here, can also be used to produce 
3D artwork. 
 

 
Figure 2. Layout display in 3D 
 

A pull down menu provides a list of short-cuts or hot-
keys.  By using a simple configuration file, hot-keys can be 
reassigned either on a system or per-user basis.  Installing 
KiCad on Windows is performed by running a self-installing 
executable file. 
 

Without getting into detail, the essence of free software is 
the community of its users and developers.  The developers 
are at the core of the user community.  As a user, you are a 
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member of this community, and you can also become in-
volved.  When considering any free software, look for the 
community of users and developers and examine the content 
they provide.  A quick Internet search of KiCad provides a 
variety of information.  For those new to electronic CAD, 
there are tutorials.  For experts, the documentation provided 
is decent.  There are discussion groups and Web sites with 
KiCad libraries and various utilities.  In a nutshell, KiCad is 
well supported by those involved. 
 
KiCad is designed and written by Jean-Pierre Charras, a re-
searcher at GIPSA-lab (Grenoble Image Parole Signal 
Automatique laboratory) and a teacher in the field of electri-
cal engineering and image processing at IUT de Saint Martin 
d'Hères in France.  While the package name appears in sev-
eral forms, in an e-mail exchange, Jean-Pierre Charras con-
firmed that he prefers “KiCad.”  He also reports that because 
of library issues, the Macintosh version is currently unoffi-
cially supported. 
 

Other Packages 
 
There are numerous options for schematic capture and P.C. 
board layout.  Other software packages include gEDA 0, 
TinyCAD 0, and Eagle 0.  The gEDA project is primarily for 
GNU/Linux; it has simulation tools and is described as a 
confederation rather than an integration of tools.  TinyCAD 
is a simple schematic capture tool for use with Windows.  I 
only briefly looked at XCircuit 0 and FreePCB 0.  KiCad, 
gEDA, TinyCAD, XCircuit, and FreePCB are all free soft-
ware.   
 
Eagle is proprietary and includes schematic capture, P.C. 
board layout, and auto-routing software.  The light edition 
can be used gratis but with restrictions.  A schematic can 
only use one sheet of paper.  Also, a layout can only have 
two copper layers and is limited to 4 by 3.2 inches in size.  
For a fee, however, there are numerous options available 
with the full edition. 
 

Summary 
 
KiCad is a useful package for producing schematics and P.C. 
board artwork.  I find it particularly useful in my research 
and with my students, and others will also find it useful in 
these and other capacities.  In particular, KiCad produces 
industry standard artwork.  KiCad is GNU GPL licensed 0 
and is an exceptional example of free software.  I encourage 
you to consider using KiCad. 
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Book Description  
 
 Control Systems Engineering, now in its Fifth Edition, 
takes a practical approach to control systems engineering. 
Presenting clear and complete explanations, the text shows 
the engineering student how to analyze and design feedback 
control systems that form a vital part of today’s cutting edge 
technology. By continuing the same physical system in each 
chapter, the book’s case studies provide a simple and realis-
tic view of each stage of the control design process. The 
book also endeavors to present a combination of qualitative 
and quantitative explanations that provide insight into the 
design of parameters and system configurations. The book’s 
highlight is its extensive practice in using MATLAB, Simu-
link, and the SISO Design Tool—industry standards that will 
serve the future engineer well. 
 

Features 
 
 This book is targeted to meet the needs of electrical engi-
neers and technicians who design and build hardware and 
software for control systems as well as senior-level students 
in Engineering Technology programs (electronic, biomedi-
cal, and computer engineering technologies) at technical 
colleges and junior-level students in traditional university 
engineering programs. Also appropriate for courses on in-
struction in government and industry. 
 

Review 
  
    The clarity and flow of the material is fine and commen-
surate with the intended audience. This textbook is an ex-
tremely comfortable read. It covers a lot of material that is 
normally associated with classic control theory and other 
topics, including fundamentals of state space and digital 
control. The level of the book is suitable for its intended 
audience. The depth of coverage is lacking in the chapter on 
state space representations. The level of math in this chapter 
is appropriate taking into view the intended audience. The 
text is well organized and presents plenty of solved exam-
ples on various facets of control systems with clear formu-
lae. However, the text assumes you have a background in the 
basic differential equations and Laplace transform. 
 

The content presented in the book is correct and also current. 
However, currency of topics would be better with more de-
tailed discussion of topics, as stated below: 

1) State space representation 
2) Digital control 
3) LabVIEW applications for control systems 

   
Assertions in the book are backed up with further informa-

tion and clear examples. Addition of MATLAB codes after 
solved examples is an excellent idea. Also, solving applica-
tion examples introduces students to the practical world of 
control systems. 
   

The figures in the book are illustrative of the material pre-
sented. The number of figures is just right. All tables pre-
sented in this book are effective. 
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