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The editors and staff at IAJC would like to thank you, our readers, 
for your continued support, and we look forward to seeing you at the 
upcoming IAJC conference. For this fourth IAJC conference, we 
will be partnering with the International Society of Agile Manufac-
turing (ISAM). This event will be held at the new Embassy Suites 
hotel in Orlando, FL, September 25-27, 2014, and is sponsored by 
IAJC, IEEE, ASEE, and the LEAN Institute. The IAJC/ISAM Exec-
utive Board is pleased to invite faculty, students, researchers, engi-
neers, and practitioners to present their latest accomplishments and 
innovations in all areas of engineering, engineering technology, 
math, science, and related technologies.   
 
I am also proud to report that, based on the latest impact factor (IF) 
calculations (Google Scholar method), the International Journal of 
Engineering Research and Innovation (IJERI), had a strong showing 
with an IF = 1.58, which is noteworthy as it is a relatively young 
journal (only in publication since 2009). IJERI’s sister journal, the 
International Journal of Modern Engineering (IJME), also now has a 
remarkable IF = 3.0 and continues its march toward the top 20 engi-
neering journals. Any IF above 1 is considered high, based on the 
requirements of many top universities, and places the journals 
among an elite group. 
 
Conference Statistics: Of the submissions for this conference, there 
were 466 abstracts (multiple submissions from the same authors 
were not counted) from 132 educational institutions and companies 
from around the world. This represented 48 states in the USA and 50 
countries. After a multi-level review process, only 82 full papers 
and 19 abstracts were accepted and will be published in the confer-
ence proceedings. This reflects an acceptance rate of about 22%, 
which is one of the lowest acceptance rates of any international con-
ference.  

EDITOR'S NOTE 

Philip Weinsier, IJERI Manuscript Editor 

EDITOR’S NOTE:  INVITATION TO ATTEND THE 4TH IAJC/ISAM JOINT INTERNATIONAL CONFERENCE                                     3 
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many manuscripts that were submitted for publication. Manuscript reviews require insight into the content, technical expertise 
related to the subject matter, and a professional background in statistical tools and measures. Furthermore, revised manu-
scripts typically are returned to the same reviewers for a second review, as they already have an intimate knowledge of the 
work. So I would like to take this opportunity to thank all of the members of the review board.  

 
As we continually strive to improve upon our conferences, we are seeking dedicated individuals to join us on the planning 

committee for the next conference—tentatively scheduled for 2016. Please watch for updates on our website 
(www.IAJC.org) and contact us anytime with comments, concerns or suggestions.  

 
If you are interested in becoming a member of the IAJC International Review Board, send me (Philip Weinsier, IAJC/IRB 
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stores need to hold a great number of mannequins to cover 
all of the different body sizes of their targeted customers. 

Traditional mannequins are set-sized and expensive. Ade-
quate money should be budgeted for them in annual pur-
chases for both garment designers and retailers. Moreover, a 
place is needed to store the mannequins. Customized man-
nequins supposedly are duplicates of the human body shape. 
In the past, body dimensions were taken manually from the 
human body for each customized mannequin. The manne-
quin was then made with a specific mould or sculpture, re-
sulting in a long production time, high skill requirements 
and cost. Nowadays, to make such a mannequin, body infor-
mation is first collected by a 3-D body scanner. Then a spe-
cific mannequin mould is designed and built according to 
the body information. Lastly, the mannequin is made from 
the mould. It is still, though, much more expensive com-
pared to the traditional mannequin and the production time 
can take eight to ten weeks [3]. 

 
Another solution is an adjustable mannequin. Companies 

provide mechanically adjustable mannequins, which can 
change at the location of neck, bust, waist, and hip. The 
construction of such early mannequins focused on mechani-
cal parts such as wire frame, metal rod, screws, and adjusta-
ble slots [4], [5]. Their design features were complicated in 
structure yet clumsy to use. In recent mannequin develop-
ment, it has become simple in structure by using the panels’ 
design and acrylic material so their adjustable mechanisms 
tend to be simple at the critical location such as bust, waist, 
and hip [6-9]. 

 
With advancements in computer-aided design (CAD) and 

computer-aided manufacture (CAM), virtual mannequins 
began to be adopted in various areas such as garment drape 
simulation [10], female figure identification [11], and virtu-
al garment design [12]. Nicola D'Apuzzo [13] reviewed the 
existing market usage of 3-D body scanning technology for 
the fashion industry. Virtual garment try-on is now possible 
for the industry; however, the fashion industry still tends to 
use standard mannequins to perform their garment fabrica-
tion analyses [14]. In reality, the virtual mannequin cannot 
replace the real mannequin, given its inability to afford try-
ons of items for size fitting [15]. In other words, manne-
quins are essential tools used by the fashion industry and 
visual merchandising, but the conventional mannequins are 

Abstract  
 
In this study, the authors developed an interactive manne-

quin for fashion dressing. Mannequins are indispensable 
tools in the fashion industry and are used for apparel design, 
fitting, alteration, and size gradation. However, a number of 
set-sized mannequins are needed for one complete size 
range. An automatically adjustable robotic mannequin was 
developed in this study. The initial shape of the mannequin 
was developed through the initial shape design by 3-D scan-
ning body profile data preparation, cross-section level de-
sign, and B-spline curve construction, where the initial 
shape was the original shape of the mannequin from which 
various shapes could be generated. The parametric manne-
quin was then divided into pieces of panels in order to study 
the shape variation; the movements of the panels were then 
defined with the use of kinematic design. 
 

Introduction  

 

Mannequins, also known as model forms, dummies, man-
ikins, and body forms, were first made in the fourteenth 
century. They were three-quarter wooden torso forms with 
detachable arms and used for presentation of the dress for 
religious festivals. Nowadays, mannequins are essential in 
both the fashion industry and for visual merchandising. The 
fashion industry relies heavily on the availability of manne-
quins for many of the tasks involved in apparel design, fit-
ting and alteration, and size gradation. The mannequin is a 
prototype body on which apparel size designations are 
based and used as a fit model to fit on sizes and styles [1]. 
However, throughout the history of the fashion industry, all 
of the mannequins adopted have been fixed-sized, though 
simple manually adjustable ones are available. 

 
The visual merchandising or merchandising presentation 

is an effective means of substantially increasing business 
and sales. Mannequins in display windows and in store inte-
riors present the stores’ newest fashion garments in order to 
attract customers. At the same time, customers look to man-
nequins to learn how to combine separates and coordinates 
and how to wear new colors, silhouettes, textures, textiles, 
and accessories [2]. Thus, a mannequin that has a similar 
body shape to the customers will best create appropriate 
images in customers’ minds. This is the reason that garment 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 6                           INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V6, N1, SPRING/SUMMER 2014 

costly and occupy a lot of storage space, while the alterna-
tives—such as customized mannequins, adjustable manne-
quins, and virtual mannequins—have limitations.  

 
To overcome the problems and limitations described 

above, an interactive robotic mannequin was developed; the 
concept design steps leading to its development are present-
ed here. The shape of the mannequin was developed by 
studying body profile shape change of various sizes by 3-D 
scanned data preparation, cross-section level design, and B-
spline curve construction. The parametric mannequin was 
then divided into pieces of panels in order to study the shape 
variation. Finally, the movements of the panels were de-
fined with the use of kinematic design to ensure that they 
could change to the required sizes and shapes. 
 

Shape Design 
 

The initial shape of the mannequin was built by generat-
ing a loft surface fitting through the body’s cross-sectional 
outlines, which are presented in the form of B-spline [10], 
[16]. The configurations of the cross-sections were devel-
oped based on the scanned data of female subjects and man-
nequin profiles. The first step was preparing the body pro-
file data for shape extraction in which an alignment process 
was implemented. The second step was designing the cross-
sectional level by defining the layout of the cross-sections. 
The final step was generating the B-spline curves in accord-
ance with the anthropometric data using an average algo-
rithm. 
 

3-D Scanned Body Profile Data 
Preparation 
 

The 3-D body scan data were generated from parallel 
slices of points from the neck to the feet [17], [18]. The raw 
scan data were processed in order to transform the vertices 
and triangle mesh information to the vertices coordinates’ 
information which is only in the form of the triangle mesh 
information. Figure 1 shows the results of a sample of the 3-
D body scan data by a TC2 3-D body scanner. The image to 
the right in the figure shows the y direction, which is the 
front direction of the body, while the x direction is perpen-
dicular to the y direction and pointing to the left hand side 
of the body and the z coordinate is perpendicular to the 
ground pointing upwards. 

 
A trunk section points’ filter was used to preserve the 

trunk points within the height from the armpit level to the 
hip level. First, it loads all of the body points Pall(x,y,z) then 
filters them in order to obtain the body points Pb(x,y,z) with 

the mid-neck level Pmid_neck(z) and crotch level Pcrotch(z) on-
ly, which is given in Equation (1): 

 
                   (1) 

 

Figure 1. 3-D Body Scan Data by TC2 Body Scanner  

 
Second, the hands’ points were screened out in accord-

ance with the points’ y-coordinate locations in order to ob-
tain the trunk points Ptrunk(x,y,z). The subject would hold the 
handles, which were located on the left and right side of the 
body, respectively, during scanning. The y-coordinates of 
the armpit, Parmpit_left(y) and Parmpit_right(y), can be measured 
by the scanner. The points of the hand parts can be filtered 
by the value of the y-coordinates. Third, all of the points 
between the middle neck level and armpit level were meas-
ured to form the body for shape extraction using Equation 
(2). 

  
 
 
 

(2) 
 
 
 
One hundred and thirty female subjects were scanned in 

an identical standing posture with both arms straight and 
holding two handles. In this way, the trunk was stretched 
straight and the body was assumed not to be bending for-
ward or backward. Hence, no alignment was needed for the 
frontal trunk bending. However, there might be some varia-
tions in posture, bringing in shape measure errors which 
were non-ignorable. Three main uncontrollable influence 
factors were the alignment of the slices, rotation, and incli-
nation. The first two were variation problems at slice level, 
while the third was an inter-slice problem. 
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The problem of the alignment of the slices arose during 
the scanning process since the center of the subject was not 
located at the center point between her two feet or her usual 
standing posture. Figure 2 shows one slice of the cross-
sections before and after the alignment process. The dotted 
red line represents the original slice points, which shift to 
the left base of body, and the dotted blue line shows the 
correction; the result was that the original slice points were 
shifted back. This was generated by shifting the center point 
of the slice, marked by an asterisk, back to the x-axis. The 
center point was defined as the center point of the left point 
(red circle near the top) and the right point (red circle near 
the bottom). The left or right point was located at the center 
point of the outermost 2 to 3 points on the left body side and 
the right body side, respectively, in order to eliminate noise 
error. 

Figure 2. Comparison of One Slice Before and After the 

Alignment Process 

 
Once the problem of the alignment of the slices was 

solved, variation caused by rotation problems had to be 
eliminated. The trunk rotation resulted in the rotation prob-
lem. For example, the rotation angle is the angle θ between 
the line linking the left or right point and the Y axis direc-
tion in Figure 2. The maximum rotation angle of the slice 
among all the subjects was 6.91o, while the mean rotation 
angle was 1.41o. The problem can be solved by rotating 
back every slice round the center point of the slice by θ de-
gree in order to make the line linking the left or right points 
parallel to the Y axis. If the slice points Pslice(x,y,z) have to 
be rotated by θ, Equation (3) is generated. 

 

 

(3)      
 

where, PSF(x,y,z) are the points which are rotated to the de-
sired position. PSC(x) and PSC(y) are the X and Y coordi-
nates of the center of the slice, respectively. As the problem 
of the alignment of the slices was solved, the PSC(y) will 
always be 0. 
 

At this stage, all of the problems induced by variations of 
the slice level had been solved. The final variation problem 
found in posture was the inclination problem. Although the 
participants were guided to position in an erect but relaxed 
posture, their trunk might incline forward or backward 
slightly. Figure 3 shows three different subjects with a 
slightly backward, straight, or slightly forward posture from 
left to right, respectively; and two highlighted points are the 
shoulder point and the crotch point. 

 

Figure 3. Postures of Subjects 
 
The 130 subjects’ body angles had a range of 84.9o to 

95.9o, with an average value of 91.1o. In order to solve the 
incline problem, the body angle was modified to the average 
angle α=91.1o by rotating all of the points, PSF(x,y,z), 
around the Y axis at the crotch point. If the body angle of a 
subject were β, Equation (4) would be generated. 
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(4) 
 
 
 
 
 

Cross-section Level Design 
 

There were two main concerns with the layout design 
of the cross-sections. The initial shape was designed 
based mainly on the 3-D scanning body profile database. 
However, the age range of the body database was narrow, 
which might result in a bias to the initial body shape, es-
pecially the size. Hence, a widely recognized mannequin 
(the Alvanon size 12 mannequin) was used as a reference 
to set the vertical location of the cross-sections first, as 
shown in Figure 4, to compensate for this limitation. The 
values in the brackets shown in Figure 4 are the relative 
distances to the mid-neck level in millimeters. 

Figure 4. Layout of the Cross-Sections for the Initial Shape 

The quantity and location of the cross-sectional setup 
can affect the initial shape. On one hand, the initial shape 
can represent more details by increasing the number of 
cross-sections. On the other hand, more cross-sections 
will lead to a more concave-convex profile. As a result, 
the main cross-sections are relative to the critical body 

dimensions—such as neck level, bust level, waist level, etc.
—and are built to ensure that important information for gar-
ment design and fitting purposes has been reserved. The 
vertical locations of these levels were determined by the 
relative distance to the middle neck level, which is the aver-
age value of the corresponding values of the 130 subjects 
measured by the 3-D body scanner. Using the relative dis-
tance to the middle neck level instead of the height relative 
to the floor can eliminate the error caused by the soft sur-
face of the carpet on the floor and the thickness of soles. 
The inter-level cross-sections were then inserted in order to 
achieve a realistic and smooth shape, as shown in Figure 4. 
The location of the inter-level cross-section is specified by 
the relative height between specified main levels. 
 

B-spline Curve Construction 
 

The B-spline curve was generated by control points of the 
segments by Solidworks. The shape of the B-spline curve 
can be modified by adjusting the location of these points. 
The initial locations of these points were determined in ac-
cordance with the corresponding points of the 3-D body 
scanned profiles and the size 12 mannequin. Figure 5 shows 
the construction of the B-spline curve at bust level, which is 
identified by 8 points. The level of points with the height 
value relative to the bust height from one aligned 3-D body 
scanned data was obtained in order to construct the curve. 
The two points whose angular values were closest to 0o 
were determined and their locations were averaged in order 
to find the first points for the B-spline curve. The points on 
the B-spline curve at angles of 23o, 45o, 66o, 90o, 120o, 137o, 
and 180o were determined. The eight points for each subject 
can then be measured. All of the eight points for the bust 
level were averaged in order to obtain the final eight points 
which would be used to identify the lower segment of the B-
spline curve. Since the left and right side of human body 
were assumed to be symmetric, the upper segment of the B-
spline curve could be obtained by mirroring the lower seg-
ment, as shown in the right side of Figure 5. 

 
The dimensions of the initial shape were set to the aver-

age values of the variation ranges, which were close to an 
Asian size 12 mannequin's measurements. The B-spline 
curves were modified proportionally until the measurements 
met the defined dimensions of the initial shape listed in Ta-
ble 1. 
 

Initial Shape Generation of the 
Mannequin 
 

The final profile of the initial shape is a surface created 
through the B-spline curves on all of the cross-sections, as 
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shown in Figure 6, using the lofted surface function of 
Solidworks, which is able to generate a smooth surface. 

Figure 5. The Cross-section at the Bust Level Constructed by 

the Points and B-spline Curve. Left shows the Proximate 

Level to the Bust Level. Right shows the Average Shape 

Represented by B-spline Curve. 

 
Table 1. Robotic Mannequin Variation Range and  

Dimensions for the Initial Shape 

Panel and Kinematic Design 
 

The panels of the mannequin were designed by separat-
ing the surface of the virtual mannequin. A kinematic 
design was then conducted in order to determine the 
movements of these shells. The mannequin can change 
into various types of body shapes by moving the shells to 
different positions, thus the virtual mannequin becomes 
parametric.  
 

Panel Design 
 

There are different designs for a flexible mannequin, 
but the panel type affords a good support for donning 
garments while maintaining good shape control.  

Figure 6. Layout of the Cross-sections with Different Views 

for the Initial Shape 
 
The parametric model surface, in this case, was cut into 

16 panels [19]. The panels have the following important 
features: 

1. There are gaps between the neck, the chest, the 
waist, and the hip to accommodate the physical 
change. 

2. The neck consists of two panels: left and right. The 
neck girth change is relatively small compared to 
the other panels. 

3. From studying the 3-D body profile database and 
literature [20], it was found that the variation can 
be represented using four panels moving in four 
different directions. Hence, the chest, waist, and 
hip parts consist of four panels. The gaps between 
them are all 2.5 cm and the gaps were designed to 
close or expand to 5 cm. Thus, the chest, waist, and 
hip girth can be reduced and increased by 10 cm, 
which is adequate to cover the adjustable size 
range. The gap can be covered using a cladding 
made of highly elastic fabric. 

  Robotic mannequin 
variation range (cm) 

Dimensions of 
initial shape (cm) 

Neck girth 30.0 to 38.5 34.3 

Bust girth 78.0 to 100.0 89.0 

Waist girth 61.5 to 83.0 72.25 

Hip girth 87.0 to 112.0 99.5 

Bust to waist 
vertical length 

15.5 to 17.5 16.5 

Waist to hip 
vertical length 

18.4 to 21.6 20.0 

——————————————————————————————————————————————–———— 
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Figure 8. Front and Back View of the Virtual Robotic 

Mannequin Panel 

 

Figure 9. Side View of the Virtual Robotic Mannequin 

Panels 

 

Validation 
 

A validation study was conducted in order to verify the 
concept design of the robotic mannequin. The virtual robot-
ic mannequin demonstrated the shape variations from the 

4. The gap between the waist and the chest section is 
2 cm, while the gap between the waist and the hip 
is 3 cm. In other words, the length between the 
chest and the waist has a change range of 4 cm, 
while the length between the waist and the hip has 
a change range of 6 cm, which is enough to cover 
the adjustable range. 

5. The bust panels are separated from the front chest 
panels in order to move and change the cup size. 

6. Figures 7-10 show the different views of the panel 
design. Figure 8 shows panels a, c, m, e, g, o, I, 
and q, representing the right neck panel, right front 
chest panel, right back chest panel, right bust pan-
el, right front waist panel, right back waist panel, 
right front hip panel, and right back hip panel, re-
spectively. 

Figure 7. Virtual Robotic Mannequin Shell 

 

Panel Movement  

The direction and distance of movement of each panel 
is given in Table 2. Since the movements of the left and 
right body side panels are symmetrical, only the panels on 
the right body side are illustrated. 
 



——————————————————————————————————————————————–———— 

 

Panel Movement direction Movement distance control equation 

Right neck panel 
 

 
, 

where: 
X is the horizontal distance of the panel's movement. 
Y is the neck girth. 

Right front chest panel 
 

 
, 

where: 
X is the horizontal distance of the panel's movement. 
Y is the under-bust girth. 

Right back chest panel 
 

 
  
  
  

, 
where: 
X is the horizontal distance of the panel's movement. 
Y is the under-bust girth. 
  

Right bust panel 
 

 
 

, 
where: 
X1 is the horizontal distance of the panel's movement. 
X2 is the vertical distance of the panel's movement. 
Y is the bust girth. 

Right front waist panel 
 

 
 

, 
where: 
X1 is the horizontal distance of the panel's movement. 
X2 is the vertical distance of the panel's movement. 
Y is the waist girth. 

Right back waist panel 
 

 
 

, 
where: 
X1 is the horizontal distance of the panel's movement. 
X2 is the vertical distance of the panel's movement. 
Y is the waist girth. 

Right front hip panel 
 

 
 

, 
where: 
X1 is the horizontal distance of the panel's movement. 
X2 is the vertical distance of the panel's movement. 
Y is the hip girth. 

Right back hip panel 
 

 
 

 
where 
X1 is the horizontal distance of the panel's movement. 
X2 is the vertical distance of the panel's movement. 
Y is the hip girth. 
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y x X 
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X1 
X2 
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X1 

X2 
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X1 
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y 

Table 2. Panel Movement Direction and Distance Control 
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minimum size to the maximum size. In order to test the 
movement of the panels to desired shapes and measure-
ments, three existing fixed-size mannequins currently used 
in the market—Asian size 10, 12, and U.S. size 8 with 
measurements shown in Table 3—were used for compari-
son. These mannequins were scanned and displayed in blue 
point clouds, as shown in Figures 11-13. The panels of the 
robotic mannequin are shown in yellow, while the red, blue, 
and green lines indicate the bust, waist, and hip girth respec-
tively. The results show that the developed mannequin can 
mimic these fixed-size mannequins. 

Figure 10. Top View of the Virtual Robotic Mannequin 

Panels 
 

Table 3. Size Table for the Size 10, 12, and U.S. Size 8  

Mannequins 

 

Figure 11. Virtual Robotic Mannequin Imitates the Shape of 

an Asian Size 10 Mannequin 

Figure 12. Virtual Robotic Mannequin Imitates the Shape of 

an Asian Size 12 Mannequin 

 

Figure 13. Virtual Robotic Mannequin Imitates the Shape of a 

U.S. Size 8 Mannequin 

  Asian Size 10 Asian Size 12 US Size 8 

Neck base
(cm) 

37.0 38.0 36.8 

Bust girth
(cm) 

82.5 86.5 92.5 

Waist 
Girth(cm) 

60.0 64.0 72.4 

Hip Girth
(cm) 

89.0 93.0 97.8 

Waist to 
hip(cm) 

19.75 20.0 20.3 

Total rise
(cm) 

68.5 70.0 67.6 



——————————————————————————————————————————————–———— 

 

Conclusion 
 

The apparel industry relies heavily on the availability of 
mannequins for different tasks such as apparel design, fit-
ting and alteration, and size grading. However, traditional 
mannequins with one size per mannequin are costly and 
occupy a lot of storage space. The interactive robotic man-
nequin developed in this study—nicknamed “i.Dummy”, 
shown in Figure 14—was developed in order to solve the 
problems of having multiple mannequins of various sizes 
[21]. This design has been licensed for production. This 
revolutionary novel robotic mannequin system can provide 
the fashion industry with mannequins that are able to in-
crease or decrease automatically over a size range or cus-
tomized size dimensions suitable for garment fitting, tailor-
ing, training, and display. Three patents have been granted 
for this invention [22-24]. 

Figure 14. The Developed Interactive Robotic Mannequin, 

“i.Dummy” 

 
For further development in the future, more body shapes 

will be studied for panel design, and panels for more body 
types can then be designed. For instance, panels can be de-
signed for elderly people, extreme leanness, obese people, 
or pregnant women. Hand, foot, and other body parts can be 
added on for other specific design purposes. A suspension 
type of support module can be developed for purposes of 
full torso and trouser fitting. Also, a rotation mechanism can 
be added so that the robotic mannequin can rotate automati-
cally for better demonstration. 
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Abstract 

 
The Shortest Job First (SJF) algorithm gives the optimal 

average turnaround time for a set of processes, but it suffers 
from starvation for long processes. In this study, the authors 
developed an algorithm, referred to as Equitable SJF (EQ-
SJF), to reduce the average turnaround time of the long pro-
cesses without notably affecting the turnaround time of the 
short processes. Two parameters, the percentage of a pro-
cess’s burst time to completion and the time spent by a pro-
cess in the waiting queue, were used to provide the designer 
with more tradeoff alternatives in keeping the turnaround 
time of the long processes under control while maintaining 
the turnaround time of the short processes at low levels, as 
they are required for soft real-time tasks. Comparisons with 
previously proposed scheduling algorithms such as the 
Highest Response Ratio Next (HRRN), Railroad Strategy, 
Enhanced Shortest Job First (ESJF), and Alpha show that 
the proposed approach always offers better alternatives. 
 

Introduction 

 
The Shortest Job First (SJF) algorithm is a scheduling 

algorithm that offers the minimum average turnaround time. 
This algorithm can be implemented as either preemptive or 
non-preemptive. In a preemptive shortest job first algorithm, 
the process currently running is forced to give up the pro-
cessor for a new arrival process with a shorter burst time. 
The preemptive shortest job first algorithm is also known as 
the shortest remaining time (SRT) algorithm [1], [2]. In a 
non-preemptive shortest job first algorithm, the scheduler 
assigns the processor to the shortest process. Even if a short-
er process becomes available, the process currently running 
will continue to execute until it is done. The main problem 
with the shortest job first algorithm is starvation [1], [2]. If 
there is a steady supply of short process, the long process 
may never get the chance to be executed by the processor.  
 

Related Work  
 

There is a variety of scheduling algorithms proposed in 
the past to solve the issue of starvation of SJF. One of the 
best known improvements of SJF is Highest Response Ratio 

Next (HRRN) [3]. HRRN assigns a priority to each process 
based on its estimated run time and also on the amount of 
time it has spent waiting in the queue. The task priority is 
calculated according to the equation Priority = 1 + (WT/
BT), where BT and WT are the burst time and waiting time 
of the process, respectively. The process with the highest 
priority is scheduled to run next. The longer a process is 
waiting in the queue, the higher the priority it accrues, 
thereby preventing its starvation. 
 

In Enhanced Shortest Job First (ESJF) [4], processes are 
sorted in a queue in increasing order of burst time. The burst 
time of the first and the last processes in the queue are saved 
in variables ‘S’ and ‘L’, respectively. The next process is 
selected by comparing the values of the two variables. If ‘S’ 
is smaller than ‘L’ then the next shortest process is selected 
and its value is added to ‘S’; however, if ‘S’ is greater than 
‘L’ then the largest process in the rear of the queue is select-
ed to run next. The main disadvantage of ESJF is that if 
there are a lot of small and large processes entering the 
queue, the processes in the middle of the queue might not 
have a chance to get scheduled, causing them to starve.  
  

Das et al. [5] proposed the Railroad Strategy in which the 
priority of a process is based on the equation BTi+WTi+1 < 
BTi+1+WTi, where BTi and WTi indicate the burst time and 
waiting time of process i, respectively. The burst time of 
process i is added to the waiting time of process i+1 and the 
combination, which results in the smaller value, determines 
the process to be scheduled next. If both sides are equal then 
the process with the shorter burst time is given priority. 
Starvation is solved because, as the waiting time of a pro-
cess having a longer burst time increases, its chance of run-
ning next on the processor increases. 

 
Cherkasova [6] proposed the Alpha scheduling algorithm, 

which is adjustable between First Come First Served 
(FCFS) and non-preemptive SJF using the equation Priority 
= C + alpha* BTi, where C is the amount of time the proces-
sor has been servicing processes, alpha is a tuning parame-
ter from 0 to ∞, and BTi is the burst time process i. If alpha 
is set to zero, the algorithm behaves as FCFS. If alpha is a 
finite number, the algorithm behaves as the non-preemptive 
SJF. 
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Aims/Objectives 
 

In this current study, the authors considered that the pool 
of jobs to be scheduled was a mixture of computationally 
intensive jobs, which will be referred to here as “long’’ 
jobs. Low latency real-time jobs with soft deadlines [7-10] 
will be referred to as “short” jobs. The aim was to provide 
close-to-optimal average turnaround times within the soft 
deadline for short processes, while decreasing the average 
turnaround time for long processes. The SJF algorithm guar-
antees the minimum average turnaround time for the short 
process, but this may well be below the soft deadline, in 
which case the longer processes could receive a better treat-
ment and avoid unnecessarily long waiting times and, even-
tually, starvation. The proposed methodology addresses 
exactly this issue: a priority is assigned to a process based 
(i) on the percentage of its burst time to completion con-
trolled by parameter e, and (ii) on the time spent by the pro-
cess in the waiting queue controlled by parameter q. Param-
eter e protects a currently running process from being 
preempted when its remaining execution time reaches a 
percentage of its total burst time. Parameter q gives priority 
to a process when its waiting time exceeds a certain amount 
of its burst time. Two variants of the proposed scheduling 
methodology were developed and evaluated with respect to 
previously proposed approaches. 
 

In the following sections, the authors describe the main 
algorithm, referred to as Equitable Shortest Job First (ΕQ-
SJF); a variant of the algorithm, EQ-SJF with Round Robin 
protection (EQ-SJF-RR); experimental results comparing 
the proposed algorithm with previous approaches; and, fi-
nally, conclusions. 
 

EQ-SJF: Equitable Shortest Job First  
 

The proposed Equitable Shortest Job First (EQ-SJF) algo-
rithm is based on two parameters, e and q. Parameter e pro-
tects the currently running process from being preempted 
when its execution time reaches a percentage, e%, of its 
total burst time. Parameter q gives priority to a process 
when its waiting time exceeds q times its burst time.  

 
The pseudocode for algorithm EQ-SJF is given in Figure 

1. Here, C denotes the currently running process; DNP de-
notes the “do not preempt” flag; “Queue” denotes the wait-
ing queue; and BT(i), WT(i), and RT(i) denote the burst 
time, waiting time, and remaining time of process i, respec-
tively. At every cycle, algorithm EQ-SJF determines if there 
is a new event (i.e., an arrival or a completion). If the new 
event is an arrival, the algorithm examines if the queue is 
empty and if there is no process currently running. In that 

case, the new process will become the currently running 
process and the DNP flag is set to 0. Otherwise, the new 
arrival is inserted into the waiting queue. If the new event is 
a process completion, the DNP flag is set to 0. After these 
checks for a new event, the algorithm does the following: If 
the Queue is not empty but there is no process currently 
running (i.e., C is null), the algorithm picks a job, k, with 
the shortest remaining time, RT(k), from the waiting queue 
and runs it next. Otherwise, if the queue is not empty but 
there is a process currently running and the DNP flag is set 
to 0, the algorithm does the following in order to decide 
whether to preempt the process or not: If RT(C) is less than 
or equal to e * BT(C), the current process is not going to be 
preempted and the DNP flag is set to 1. Otherwise, the algo-
rithm examines whether there exists a process k resulting in 
the maximum positive value WT(k) - q * BT(k). If that is 
the case, the algorithm will preempt the currently running 
process and replace it with process k, setting the DNP flag 
to 1. Otherwise, the algorithm finds a process k with the 
minimum value RT(k). If it is less than the remaining time 
of the currently running process, RT(C), the currently run-
ning process is preempted and is replaced by k, with the 
DNP flag set to 0. An illustration of the algorithm is given 
in Table 1 using arrival times and burst times. 
 

Assuming that e = 0.5 and q = 0.5, the algorithm sched-
ules process p1 at t=0 (see Figure 2). At t=2, p2 arrives with 
a burst time of 2. Process p1 has 6 cycles left to finish its 
execution, which is more than 50% of its burst time and 
because p2 has a shorter time, the scheduler preempts p1 
and gives the processor to p2. Process p2 finishes execution 
at t=4 and p1 is scheduled next as it is the only one in the 
queue. After using the processor for 2 cycles, p3 arrives at 
t=6 with a burst time of 3. Process p1 still has 4 cycles to 
go, which is longer than p3, but p1 is protected from getting 
preempted as its remaining time is equal to or less than 50% 
of its burst time. Process p1 continues to run until it com-
pletes execution at t=10. Next, the scheduler selects be-
tween p3 with 3 cycles and p4 with 1 cycle. The scheduler 
selects p3, despite the fact that p4 has a shorter time, be-
cause the waiting time of p3 is equal to or greater than 
q=0.5 times its burst time. The scheduler runs p3 for 3 cy-
cles, and then p4 completes its execution at t=14.  

 
Table 1. Process Arrival and Burst Times 

PROCESS ARRIVAL TIME BURST TIME 

p1 0 8 

p2 2 2 

p3 6 3 

p4 9 1 



——————————————————————————————————————————————–———— 

 

Figure 1. The EQ-SJF Scheduling Algorithm 

 

 
Figure 2. Example of EQ-SJF with (e=0.5, q=0.5) 

The schedules for q = 0.5 and e = 0.75, and q = 0.5 and e = 
0 are given in Figures 3 and 4, respectively. 

Figure 3. Example of EQ-SJF with (e=0.75 and q=0.5) 

 

Figure 4. Example of EQ-SJF with (e=0, q=0.5) 
 

Figures 5-7 refer to the case where the algorithm is inde-
pendent of q–indicated by q =∞. At e=0, EQ-SJF behaves as 
the normal shortest job first with preemption and at e =1 it 
behaves as the normal shortest job first without preemption. 
The example schedules in this case for e = 0.5, e = 0.75, and 
e =0 are given in Figures 5-7, respectively.  

Figure 5. Example of EQ-SJF with (e=0.5, q=∞) 

Algorithm EQ-SJF 
 
1. Check for new event; 

 
2. if (event == “Arrival”){  
3.  if ( (Queue, C) == ( Empty, Null) )  
4.   {set C to the new arrival; set DNP = 0;} 
5.  else  
6.   add new arrival to Queue; 
7. } 
8. else if (event == “Completion”)  
9.   {set C to Null; set DNP = 0;} 

 
10. if ((Queue, C) == ( Non-Empty, Null) ) {  
11. find process k with the min value   

  rk =minj{RT(j)}; 
12.   set C to k; set DNP = 0; 

 
13.   }else if ((Queue, C) == ( Non-Empty, Non-Null)  

    and ( DNP == 0)) { 
  

14. if( RT(C) ≤ e * BT(C) ) set  DNP = 1;  
15.   else{ 
16.  find process k with max value 

wk = maxj{WT(j)- q * BT(j)} 
17. if (wk > 0){ 
18.    add C to Queue; 
19.     set C = k; set DNP = 1; 
20.  } else{  
21.     find process k with the min value   

 rk =minj{RT(j)}; 
22.   if (rk < RT(C)){ 
23.     add C to Queue; 
24.  set C = k; set DNP = 0; 
25.         } 
26.       } 
27.     }  
28.   }  

2
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Figure 6. Example of EQ-SJF with (e=0.75, q=∞) 

 

Figure 7. Example of EQ-SJF with (e=0, q=∞) 

 

EQ-SJF with Round Robin 

 
In the EQ-SJF algorithm, a “short” real-time process may 

be denied immediate service (line 13 in Figure 1 when DNP 
= 0) if the currently running process has reached its e 
threshold (line 14 in Figure 1, whereby DNP was set to 1). 
Also, a “short” real-time process may be preempted by an-
other process that has reached its q threshold (lines 16-19 in 
Figure 1). In either of these cases, the short process may 
have to wait a relatively long time interval with respect to 
its deadline in order to regain the processor. For this reason, 
a modification to the basic EQ-SJF algorithm is not to allow 
the process that has gained access to the processor, due to 
its e or q threshold, to hold the processor exclusively (by 
setting the DNP to 1). Rather, the processor can be shared in 
a round robin (RR) fashion among that process and a num-
ber r of the processes that have the shortest remaining time. 
Round robin sharing is done until the first process finishes 
its execution. This version is referred to as EQ-SJF-RR and 
is described next, using the example processes from Table 
1. 
 

The case for q=0.5, e=0.5, and r=1 is shown in Figure 8. 
The scheduling is the same as for the example of Figure 2, 
until time t=6. At t=6, process p3 arrives with a burst time 

of 3 cycles. Process p1 with a remaining time of 4 cycles, 
which is larger than p3, is protected from giving up the pro-
cessor completely as its remaining time is equal to or less 
than 50% of its burst time. At this point, the scheduler goes 
to round robin between p1 and the shortest process in the 
queue, which is p3. Process p4 arrives at t=9 with a burst 
time of 1 cycle, but the scheduler continues doing round 
robin between p1 and p3 because r=1. Process p3 finishes 
its execution at t=11. The scheduler continues performing 
round robin with p1 and the shortest process in the queue, 
which is now p4. Process p1 runs for 1 more cycle and gives 
up the processor at t=12. Process p4 finishes at t=13 and p1, 
being the only process left in the queue, takes over the pro-
cessor and finishes execution at t=14.  

Figure 8. Example of EQ-SJF-RR with (e=0.5, q=0.5, r=1) 
 
The schedules for (e = 0.75, q = 0.5, r=1) and (e = 0,  
q = 0.5, r=1) are given in Figures 9 and 10, respectively. 

Figure 9. Example of EQ-SJF-RR with (e=0.75, q=0.5, r=1) 

Figure 10. Example of EQ-SJF-RR with (e=0, q=0.5, r=1) 
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Experimental Evaluation 
 

The proposed scheduling algorithms EQ-SJF and EQ-SJF
-RR were implemented in C and their performance was 
evaluated against that of SJF, HRRN [3], ESJF [4], Railroad 
Strategy [5], and Alpha [6]. Two arrival traffic patterns 
were generated: random and peak random. For the random 
arrival pattern, the arrival times were randomly generated 
for all of the processes. For the peak random pattern (i.e., 
for every randomly selected time at which a long process 
arrives) a number (e.g., 10 or 20) of short processes were 
generated at the same arrival time. The burst times of the 
long processes were randomly generated from 40 to 50 and 
80 to 100 time units. The burst times of the short processes 
were randomly generated from 1 to 10 time units. In all cas-
es, the total average turnaround times for all processes 
(TATT), along with the average turnaround time for long 
processes (LATT) and average turnaround time for short 
processes (SATT), were computed.  
  

Rationale and Analysis 
 

Tables 2-9 show the TATT, LATT, and SATT for the 
different scheduling algorithms. It should be noted that the 
SJF offers the best TATT but not the best LATT. The ra-
tionale in comparing these algorithms was to see which one 
offered the next best SATT (after the one that SJF offers) in 
order to reduce the LATT. The amount of the LATT reduc-
tion is of secondary importance in these comparisons since 
the priority was not to significantly increase the SATT of 
the soft real-time processes and, thus, avoid violating their 
ultimate deadlines. 
 

The first column in each of the tables shows the algo-
rithms; the second column shows the TATT; the third col-
umn shows the LATT; and the last column shows the 
SATT. Row 3 shows the results for the Preemptive Shortest 
Job First algorithm (SJF), and rows 4-7 show the results for 
Railroad, HRRN, ESJF, and the Alpha scheduling algo-
rithms. The remaining rows contain the results for different 
configurations of the proposed algorithm.  
   

Tables 2-5 show the results for the random arrival traffic 
pattern. In all of these tables, the number of short processes 
was fixed to 500 and their burst times were randomly select-
ed from 1 to 10 time units. The number of the long process-
es was fixed at 50. The burst times of the long jobs were 
randomly selected from 40 to 50 time units in Tables 2 and 
3, and from 80 to 100 time units in Tables 4 and 5. The arri-
val range for a processes was from 0 to A=2500 (“sparse” 
arrivals) and A=1250 (“dense” arrivals) time units for Ta-
bles 2 and 3, respectively; and from 0 to A=5000 (“sparse” 
arrivals) and A=2500 (“dense” arrivals) time units for Ta-

bles 4 and 5, respectively. Tables 6-9 show the results for 
the peak random arrival traffic, under the exact same setups 
as those corresponding to Tables 2-5. The values of parame-
ter e used for the configurations of the proposed algorithms 
were e = 0, 0.25, 0.5, 0.75, and 1.0. An upper bound on the 
values that parameter q can take was determined by the ratio 
of the LATT offered by SJF to the average burst time of the 
long jobs. For example, in Table 2, that ratio is 2487/45 = 
55.27. Finally, the value of parameter r was kept to less than 
or equal to 3. 
 

Table 2. TATT, LATT, and SATT for Long Processes with 

Burst Times in [40:50] and Random Pattern Arrival Times 

[0:2500] 

In Table 2, ALPHA and EQ-SJF(e=0.5, q=∞) give the 
same results as the SJF algorithm and do not provide the 
benefit of decreasing the LATT. From the previously pro-
posed algorithms, HRRN presents the best alternative for 
the smallest increase on the SATT by increasing it to 187 
(from the 84 of SJF) with a decrease on the LATT from 
2487 to 2411. In contrast, EQ-SJF-RR(e=0.75, q=40, r=2) 
provides a better alternative (highlighted in green in the 
tables) for the SATT by increasing it to 129 (instead of 187 
by HRRN) with a decrease on the LATT from 2487 to 
2453.  

 
This decrease on the LATT is smaller than that offered by 

HRRN but, as mentioned above, the small increase on the 
SATT is a priority. EQ-SJF(e=0, q=45) gives the second 
best alternative with a SATT of 142 and a LATT of 2417. 

A=2500 Random  50:40-50  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 302 2487 84 

RAILROAD 832 1637 752 

HRRN 389 2411 187 

ESJF 820 1207 782 

ALPHA 303 2487 84 

EQ-SJF(e=0.5, q=∞) 302 2487 84 

EQ-SJF-RR(e=0.75, q=40, r=2)  340 2453 129 

EQ-SJF(e=0, q=45) 349 2417 142 

EQ-SJF(e=0.75, q=44 ) 361 2373 161 

EQ-SJF-RR(e=1, q=34, r=2)  374 2362 176 

EQ-SJF-RR(e=0, q=10, r=3 ) 651 1625 554 
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This LATT is very close to that offered by HRRN but the 
increase of the SATT is significantly smaller (142 versus 
187 of the HRRN). EQ-SJF(e=0.75, q=44) not only offers a 
better option than HRRN with a smaller increase on the 
SATT from 187 to 161, but also achieves a larger decrease 
on the LATT from 2411 to 2373. EQ-SJF-RR(e=1, q=34, 
r=2) provides the same benefits offering a SATT of 176 and 
a LATT of 2362. If one is willing to allow a still higher in-
crease on the SATT, RAILROAD offers the best alternative 
among the previously proposed algorithms with a SATT of 
752 and a LATT of 1637. However, from the algorithms 
proposed in this current study, EQ-SJF-RR(e=0, q=10,r=3) 
provides a better alternative by offering both a smaller 
SATT of 554 and a larger decrease on the LATT from 1637 
to 1625.  

 
Table 3. TATT, LATT, and SATT for Long Processes with 

Burst Times in [40:50] and Random Pattern Arrival Times 

[0:1250] 

 

The designer/system manager will ultimately decide what 
increase on the SATT is acceptable, based on the deadlines 
of the real-time processes which are treated here as the 
“short” processes. The benefit of the proposed approach is 
that it provides the designer with many more alternatives for 
increasing the SATT. In the aforementioned approaches, the 
designer would have no alternative except to choose HRRN, 
which offers a SATT of 187, but this may be too much giv-
en that the SATT that the SJF offers for the real time pro-
cess is 84. In contrast, the proposed approach provides a 
series of alternatives for increasing the SATT to 129, 142, 
161, and 176. Assuming, for instance, that twice the SATT 
that SJF offers is still acceptable for the deadlines of the real

-time processes, the first three of these alternatives would be 
acceptable but none of the previous approaches would be. 
 

Table 4. TATT, LATT, and SATT for Long Processes with 

Burst Times in [80:100] and Random Pattern Arrival Times 

[0:5000] 

   
Table 5. TATT, LATT, and SATT for Long Processes with 

Burst Times in [80:100] and Random Pattern Arrival Times 

[0:2500] 

A=1250 Random 50:40-50  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 660 2975 429 

RAILROAD 1145 2404 1019 

HRRN 743 2995 518 

ESJF 1249 1690 1205 

ALPHA 661 2975 429 

EQ-SJF(e=0.5,q=∞) 661 2975 429 

EQ-SJF(e=0.5, q=52) 692 2928 469 

EQ-SJF(e=0.25, q=50) 711 2876 495 

EQ-SJF-RR(e=1, q=40, r=1) 719 2860 504 

EQ-SJF(e=0, q=40) 884 2350 738 

EQ-SJF(e=0, q=26) 1149 1681 1096 

A=5000 Random 50:80-100  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 193 2040 9 

RAILROAD 930 1505 872 

HRRN 300 1990 130 

ESJF 319 2053 146 

ALPHA 223 1994 46 

EQ-SJF-RR(e=0.5, q=∞, r=1) 196 2034 12 

EQ-SJF(e=0.5, q=∞) 198 2024 15 

EQ-SJF-RR(e=1, q=6, r=1) 206 2026 24 

EQ-SJF(e=0.5, q=38) 218 2017 38 

EQ-SJF(e=1, q=40) 239 1987 64 

EQ-SJF(e=0, q=17) 764 1500 691 

A=2500 Random 50:80-100  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 433 3737 103 

RAILROAD 1333 2990 1168 

HRRN 517 3730 195 

ESJF 1134 3121 936 

ALPHA 434 3727 103 

EQ-SJF(e=0.5,q=∞) 433 3737 103 

EQ-SJF-RR(e=0.75, q=22, r=2) 504 3727 182 

EQ-SJF(e=0.25, q=28) 507 3713 187 

EQ-SJF(e=0.5, q=22) 1064 3117 860 

EQ-SJF-RR(e=0.75, q=1, r=1) 1146 2954 1168 
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Table 6. TATT, LATT, and SATT for Long Processes with 

Burst Times in [40:50] and Peak Random Pattern Arrival 

Times [0:2500] 

 

 

Table 7. TATT, LATT, and SATT for Long Processes with 

Burst Times in [40:50] and Peak Random Pattern Arrival 

Times [0:1250] 

Similar observations hold for the other tables. For in-
stance, in Table 8, SJF offers the best SATT with a value of 
43. The next best alternative among the previously proposed 
algorithms for an increase on the SATT in order to reduce 
the LATT is offered by ALPHA with a SATT of 77 and a 
decrease on the LATT from 1594 to 1550. However, the 
proposed approach provides a series of better alternatives—
EQ-SJF-RR(e=0.5 r=1), EQ-SJF(e=0.5, q=∞), EQ-SJF-RR
(e=0.75,q=59, r=1), EQ-SJF(e=0.75,q=56)—that increase 
the SATT to 46, 47, 59, and 63, respectively, and reduce the 
LATT to 1584, 1582, 1566, and 1559, respectively. 
 

Table 8. TATT, LATT, and SATT for Long Processes with 

Burst Times in [80:100] and Peak Random Pattern Arrival 

Times [0:5000] 

Overall, the proposed approach provides the designer 
with a lot of flexibility on what type of algorithm to select 
depending on the SATT for the soft real-time jobs. If the 
designer wants the short processes to execute faster, the 
designer can increase q; if the designer wants the long pro-
cesses to have a lower LATT, the designer can decrease q, 
thus giving the long processes higher priority and prevent-
ing starvation when they reach a certain amount of waiting 
time. Also, by using small values of e, the designer can ap-
proximate the behavior of SJF with preemption. Or, by us-
ing larger values of e (close to 1), the designer can approxi-
mate the behavior of SJF without preemption. The specific 
values of e and q and their effect on SATT are found by 
simulation.  
 

A=2500 Peak Random 50:40-50  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 413 2725 181 

RAILROAD 954 1901 859 

HRRN 495 2695 275 

ESJF 989 1327 955 

ALPHA 413 2725 181 

EQ-SJF(e=0.25, q=∞) 413 2725 181 

EQ-SJF(e=0.25, q=53)  447 2678 224 

EQ-SJF-RR(e=1, q=44, r=2)  457 2645 239 

EQ-SJF-RR(e=0, q=44, r=1)  466 2618 251 

EQ-SJF(e=0.25, q=51)  475 2582 264 

EQ-SJF(e=1, q=36)  752 1858 641 

EQ-SJF-RR(e=0,q=4, r=1)  977 1294 946 

A=1250 Peak Random 50:40-50  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 701 3191 452 

RAILROAD 1084 2624 929 

HRRN 797 3155 561 

ESJF 1367 1708 1331 

ALPHA 701 3191 452 

EQ-SJF(e=0.5, q=∞) 701 3191 452 

EQ-SJF(e=0, q=51, r=2)  737 3142 497 

EQ-SJF(e=0.25, q=58)  745 3115 508 

EQ-SJF-RR(e=0.5, q=47, r=2) 757 3089 523 

EQ-SJF(e=0.75, q=56)  773 3020 548 

EQ-SJF(e=0.75, q=46) 936 2539 776 

EQ-SJF(e=0.5, q=28)  1310 1689 1272 

A=5000 Peak Random 50:80-100  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 184 1594 43 

RAILROAD 616 1278 550 

HRRN 261 1569 130 

ESJF 408 1444 305 

ALPHA 211 1550 77 

EQ-SJF(e=0.5,q=∞, r=1) 186 1584 46 

EQ-SJF(e=0.5, q=∞) 187 1582 47 

EQ-SJF-RR(e=0.75, q=59, r=1) 196 1566 59 

EQ-SJF(e=0.75, q=56)  199 1559 63 

EQ-SJF(e=0.25, q=17) 387 1419 283 

EQ-SJF(e=75, q=14)  575 1237 508 
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Table 9. TATT, LATT, and SATT for Long Processes with 

Burst Times in [80:100] and Peak Random Pattern Arrival 

Times [0:2500] 

Conclusion 
 

The proposed approach presents the designer with a varie-
ty of choices in selecting a scheduling algorithm that pro-
vides close-to-optimal average turnaround times of short 
processes, considered here to be soft real-time processes, 
while decreasing the turnaround time of the long processes 
that run in the same job mix with the short processes. The 
proposed algorithms address the drawback related to the 
long-process starvation in SJF by providing protection to a 
process through prioritization. The priority to a process is 
assigned based on a percentage of its burst time to comple-
tion (controlled by parameter e) or the time spent by the 
process in the waiting queue (controlled by parameter q). 
Experimental results showed that the proposed approach 
always offered the next best alternative (indicated in green 
in the Tables) to SJF in terms of offering the smallest in-
crease in SATT while reducing the LATT. The proposed 
approach can be incorporated into more complicated sched-
uling algorithms for ensuring quality of service in soft real-
time systems. 
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A=2500 Peak Random  50:80-100  500:1-10 

ALGORITHM TATT LATT SATT 

SJF 501 3613 189 

RAILROAD 1250 3081 1067 

HRRN 607 3615 306 

ESJF 1136 3084 941 

ALPHA 536 3562 234 

EQ-SJF(e=0.75, q=∞) 501 3613 189 

EQ-SJF-RR(e=1, q=68, r=3)  532 3567 229 

EQ-SJF-RR(e=1, q=77, r=1) 533 3566 230 

EQ-SJF(e=0.5, q=20) 1108 2915 920 



Abstract 

 
Dynamic load factors have been used in linear and nonlin-

ear static analysis to substitute for the dynamic analysis of 
structures; however, there is no rigorous physical explana-
tion for the approach. In this study, a novel energy approach 
was adopted to evaluate the dynamic load factor and the 
removal time associated with progressive failures. Both the 
elastic and inelastic cases were studied. A concise, closed-
form solution was reached, which verified the General Ser-
vice Administration (GSA) and Unified Facility Criteria 
(UFC) 4-023-03 guidelines that state that a dynamic ampli-
fier factor of 2 is conservative for both elastic and inelastic 
cases. However, a dynamic amplifier factor of 2 is too con-
servative for the inelastic structures, which is the normal 
situation when subjected to infrequent and abnormal instant 
loads. Adopting the closed-form solution of dynamic load-
ing factor obtained in this study and limiting the extent of 
the damage could reduce the cost of the structure tremen-
dously. The time for removal for the progressive analysis 
was also studied. Based on a continuous-beam analysis, a 
two-stage model for elastic progressive failure and the three
-stage model for inelastic progressive failure were per-
formed. From the derived results, it was confirmed that us-
ing 1/10 of the first mode period of the damaged structure as 
the time duration to take off a member is rigorous for elastic 
and inelastic structures.  
 

Introduction 
 

Both linear and nonlinear static analysis methods, based 
on current General Service Administration (GSA) [1] and 
Unified Facility Criteria (UFC) 4-023-03 [2] guidelines, use 
a load multiplier of 2.0 applied directly to a load combina-
tion. The multiplier factor is based on the maximum dynam-
ic displacement resulting from an instantaneous constant 
load, in a linear analysis, being twice the displacement 
achieved during a static load application [2]. A recent litera-
ture review on this topic revealed little consensus on pre-
venting progressive collapse through the analysis and design 
of building structures [3]. 
  

As stated by Agnew and Marjanishvili [4], “typical static 
analysis procedures attempt to capture dynamic behavior 
through a dynamic amplification factor applied to the load 
(usually a factor of 2). This can be shown to be not only un-

conservative, but unnecessary.” Tang et al. [5] stated that 
the, "linear static analysis is the least complicated and time-
consuming to perform, but could lead" to overly conserva-
tive results. Some researchers [6] limited the dynamic load 
factor being applied to the bays adjacent to and above a re-
moved element in order to double the gravity loads [3]. The 
problem of progressive failure is complex. "Complexity has 
led to contradicting points of view and has prompted several 
researchers to propose a variety of analysis methods [7-9] to 
design against progressive collapse" [3]. In this study, the 
author adopted an innovative energy approach to address 
the general theory about this phenomenon. Discussed here 
are the effects of the removal time on progressive failure. 
The derived results verified that a dynamic load factor of 2 
is adequate in the GSA and UFC specifications, and a re-
moval time of 1/10 the time period of the damaged structure 
is appropriate as suggested in the GSA and UFC specifica-
tions.  
 

Energy Approach for Dynamic Load 
Factors in Equivalent Static Analysis 
of Progressive Failures 

 
A dynamic loading case, whether it is a blasting load or 

an impact/impulse load, at the instant of the energy of the 
external excitations will be absorbed by the internal defor-
mation. Considering the linear and nonlinear behavior of 
structures, the dynamic loading scenarios could be separated 
into two cases.  

 
 a) Elastic cases 

 
where the total energy can be written as the sum of the in-
ternal strain energy minus the potential energy of the exter-
nal forces—see Equation (1): 

 
 

(1) 
 
 

Due to the abrupt nature of the event, the total energy has to 
be continuous and kept as 0. In an abrupt dynamic event, 
Equations (2) and (3) are used. 
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(2) 

 
 

(3) 
 

The above conclusion confirms the two-code requirement 
for elastic cases. For a linear elastic system, it is adequate to 
use an elastic static analysis with a loading amplification 
factor of 2 to replace the elastic dynamic analysis. 

 
b) Inelastic cases 

 
where the inelastic behavior of a structure can be approxi-
mated with a two-segment linear elastic plastic model. The 
total energy can be determined according to Equation (4): 

 
 

(4) 
 
 

Following the same procedures, the final displacement for 
an elastic-plastic structure can be found using Equation (5): 

 
 

(5) 
 
The displacement here is a function of p and k1. In order 

to find the loading amplification factor for this case, a com-
parison of the stiffness under instant dynamic loading with 
the stiffness under static loading is needed. It is also obvious 
that the stiffness of the structure under static loading will be 
k0 in the elastic stage and k1in the inelastic stage—see Equa-
tion (6): 
 

(6) 
 

Since the two-segment linear elastic plastic model was 
adopted in this study, it was assumed that k1=αk0 —see 
Equation (7): 
 

(7) 
 
 

If α = 1 (the elastic case), then is reached.  
 
Compared with the elastic static stiffness of the system,     

1/k0, a ratio of 2 is needed for the static loading to reach the 
same level of deformation of the dynamic case. For inelastic 
cases, α < 1  the compliance of the dynamic loading cases 
depends on the relative ratio of load over yield strength:  
 
 

The previous equation, then, can be reduced to Equation (8): 
 
 

(8) 
 
 
For, α = 0.1, 0.3, 0.5, and 0.7, the normalized compliance 

is shown in Figure 1 and the dynamic loading factor is 
shown in Figure 2. No matter what magnitude of the dy-
namic loading and what the inelastic stiffness of the elastic-
plastic structure is, the maximal loading factor of 2 is con-
servative. However, for small inelastic stiffness α and small 
normalized instant load amplitude p, the dynamic loading 
factor could be reduced to 1.3, which will save tremendous 
amounts of material in the design compared with a dynamic 
load factor of 2.0. 

Figure 1. Normalized Compliance  in an 

Elastic-plastic Structure 

 
Furthermore, on a progressive analysis, the UFC 4-023-03 

specifies that for performing a progressive analysis, removal 
of the columns is required in order to cover a period of time 
equal to 1/10 the natural period of the first vibration of dam-
aged structures. In this study, a comparison was made in 
order to compare the cases with different removal times and 
clarify the differences generated by different removal times 
in the aforementioned specifications. 

 

Dynamic Progressive Failure  
Analysis with Different Column-removing 
Durations 

 
Assume a continuous-beam system, as shown in Figure 3, 

under a concentrated load at b.  
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Figure 2. Dynamic Loading Factors in an  

 

Elastic-plastic Structure under a Sudden Loading Case 

 

Figure 3. Sketch of a Diagram of Progressive Failure Scenarios 

 
For the simple-supported beam without inner support, the 

deflection generated will be given by Equations (9) and 
(10): 
   

(9)  
 
when x < a  

 
(10) 

 
when x > a  
 
and where P represents the external loadings; E is 
Young’s Modulus of the continuous beam; I is the mo-
ment inertia of the continuous beam; L is span length; w 
is the deflection; T is the time period of the structure 
without the inner support; t is the time; and, Q0 is the 

reaction force of the inner support. The deflection gener-
ated at the internal support is given by Equation (11): 
 

(11) 
 
when xs < a 
 
and where xs is the inner support location. 

 
Based on the superposition principle for the displacement 

generated by the external load and the displacement gener-
ated by the internal support reaction or the virtual work 
method, the total displacement at the internal support will 
be zero—see Equation (12): 
 
 

(12) 
 
and 
 
 
 
 

Also, the superposition of the deflection from the true 
load and the support reaction will generate the true deflec-
tion curve. If the support is removed instantaneously, the 
dynamics of the beam can be approximated by a mass 
spring system. Based on the UFC 4-023-03 code, the load 
can be removed by a certain fraction of the period of the 
damaged structure. Still using the superposition method, the 
total displacement will be the static load displacement plus 
the dynamic displacement. Assuming the collapsed support 
is removed, due to progressive failure following a triangular 
pulse, the governing equation for the dynamic displacement 
w, which is a function of the reaction force removed due to 
progressive failure, can be written as follows: 
 
 

(13) 
 
 
 
for  
 
 

 
(14) 

 
 
 
for 
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Solving Equations (13) and (14) subject to the following 
conditions: 
 
                            when   
 
                            when  
 
and where w and its derivatives are continuous when 
 
the solution to Equations (13) and (14) is given as Equation 
(15): 
 

(15) 
 

 

When and , and the  
 
 
 

dynamic loading factor (DLF) is , the  
 

minimal dynamic loading factor will be  
 
 

if the static displacement is taken as . 
 
 
Based on the same procedure, the governing equation for 

an inelastic process could be modified as shown in Equation 
16): 

 
                 (16) 

 
 
where α is the hardening parameter for the structural materi-
als, such as concrete or steel. The corresponding solution, 
then, will be given by Equation (17):  
 
 

                  (17) 
 
 
The entire progressive failure process can be divided into 

three stages: 1) elastic phase with support; 2) elastic phase 
with damaged column; and, 3) plastic phase with damaged 
support until being completely removed. Other cases may 
exist; however, these three stages are the most common 
ones. Next, the dynamic loading factor will be given by 
Equations (18) and (19): 
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(18) 

 
 

(19) 
 
 
where Ws,ne is the static nonlinear displacement due to exter-
nal loadings. The solution for this case is similar to the elas-
tic case, and the dynamic loading factor of 2.0 still holds if 
the ductility of the material is provided. However, it is more 
interesting to study the effect of column-removing duration. 
For an elastic-plastic structure, decreasing loading duration 
tends to increase the deformation given in Equation (17).  
 

As an example, assume the model has a span length L = 
1.0 m, EI = 1.0x107 Nm2, xs = 0.5 m, a = 0.7 m, b = 0.3 m, 
m = 100 kg. The period of the damaged structure (with the 
support removed) is 6.4 s. The responses for the DLF at the 
support location and the minimal DLF compared to the 
maximal displacement possible are shown in Figure 4. 

 

Figure 4. Dynamic Loading Factor at the Support Location for 

Different Removal Times 

 
From Figure 4, if a dynamic analysis according to the 

UFC 4-023-03 code is conducted, the dynamic loading fac-
tor of 1.93 is reached. Thus, it is appropriate to use 1/10 of 
the damaged structural period and the given dynamic load-
ing factor of 2, when adopting an equivalent linear static 
analysis. If the support force is removed according to T/100, 
the DLF will be increased by 2%, as shown in Figure 4, 
which is marginal for an engineering analysis. From Figure 
4, it can be seen that the DLF satisfies the UFC 4-023-03 
code and is consistent with the load assumption if a static 
analysis is chosen to replace the dynamic analysis. Howev-
er, if the support force is removed according to the damage 
time period T, the DLF will be close to 1.29, which is much 
less than the 2.0 in the code. 
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Now, considering a continuous beam with an elastic-

plastic hardening ratio of α = 0.1, the relative accuracy of 
using 1/10 of the first time period of the damaged structure 
will still be within 98% of the case of using 1/100 of the 
first time period of the damaged structure. For conducting a 
nonlinear dynamic analysis of progressive failure, 1/10 of 
the first time period of the damaged structure is accurate, 
based on the derived closed-form solutions. 

 

Conclusions 
 
Dynamic loading factor and the column removal time in 

the GSA (2003) and UFC 4-023-03 (2005) guidelines were 
evaluated in this study. It was found that a dynamic amplifi-
cation factor of 2 is overly conservative for both elastic and 
inelastic cases. Adopting the closed-form solution of dy-
namic loading factor obtained in this study, and limiting the 
extent of the damage, can reduce the cost of the structure 
tremendously. The duration of the removal time for a pro-
gressive analysis was also studied. Based on a continuous-
beam analysis, a two-stage model for elastic progressive 
failure was conducted. It was verified that a column remov-
al time equal to 1/10 of the first time period of the damaged 
structure is accurate, based on the derived closed-form solu-
tions. 
 

List of Symbols and Abbreviations 
 
u Displacement 
k Stiffness 
p Force 

Π(u) Total energy of the structure 
w Deflection 

EI Bending stiffness of a beam 

Q Reaction force of the inner support 
L Beam length 
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Abstract 
 
Creep, being a time-dependent deformation, contributes 

to the loss of strength of steel under elevated temperatures. 
Unlike concrete, which tends to undergo creep deformations 
under sustained loading and low-level temperatures, steel 
starts to exhibit significant creep behavior at temperatures 
close to one-third of its melting point, which is around 
1400°C [1]. This creep behavior of steel is an important 
factor that should be considered when designing steel con-
nections under fire conditions. Tension-loaded bolts in mo-
ment-resisting connections are of particular interest. Since 
these bolts are holding the various members of the connec-
tion together, the survival of the entire connection during a 
fire event may be predicated on the safety of those bolts. 

 
In this study, the authors developed creep models based 

on experimental investigation of ASTM A325 bolts loaded 
in tension under simulated fire conditions. Four creep mod-
els were developed, based on the results of experimental 
investigation; three of these models can predict creep strain 
at constant temperatures of 450°C, 500°C, and 550°C. The 
fourth model, which will be referred to here as the general 
model, can be used to predict the creep strain at any temper-
ature within the range of 450°C to 550°C. All experiments 
were conducted under a constant load of 2000 lb. 

 

Introduction 
 
Creep is the continued deformation of a material over 

time under the effect of a constant load and temperature. 
Creep passes through three distinct stages, as illustrated by 
Figure 1, where the creep strain is plotted versus time [2]. 
The slope of the curve in Figure 1 is called the “creep strain 
rate” and defines the three stages of the creep phenomenon. 
The creep occurring at the first stage is called primary 
creep; it starts with a high creep rate and then slows with 
time. Then comes the secondary creep stage, which is 
marked by a relatively uniform creep rate and lasts longer 
than the first stage. After a while, the creep rate accelerates 
again in the tertiary stage just before the final failure in the 
material [3]. 

 
ASTM A325 bolts are commonly used in the United 

States as structural fasteners. During a fire, the performance 

of these bolts will be adversely affected by the loss of 
strength, due to higher temperatures and the increased sus-
ceptibility to creep deformations. The European code [4] 
provides reduction factors for the stress-strain relationship 
of steel at elevated temperatures, but these factors do not 
consider the effects of time-dependent deformations on 
heated steel. Under elevated temperatures, bolts tested at the 
University of Wisconsin-Milwaukee [5] exhibited creep 
behavior that required further investigation in order to deter-
mine its effects on the response recorded during the experi-
ments. In this research study, the creep in ASTM A325 
bolts was closely examined by conducting experiments spe-
cifically designed to capture creep effects at elevated tem-
peratures. From these experiments, analytical models were 
developed that can be used to predict creep strain. 

 

Figure 1. Creep Strain versus Time [2] 

 
The objective and scope of this research was to develop 

analytical creep models to predict the creep behavior of 
A325 steel bolts under elevated temperatures. Data from 
experiments with different temperatures were used to devel-
op these models. These temperatures ranged from 450°C to 
550°C, meaning that the general model will produce the 
best results within this range. 

 
A modified time hardening primary creep model [shown 

later in Equation (4)], which is based on Norton’s creep law 
[6], was used to establish all four creep models. This model 
is one of the many creep models used in the commercial FE 
software ANSYS to predict creep. The results of this current 
study will be utilized in a future finite element model to 
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predict the behavior of a bolted steel connection. The four 
creep constants, presented in this paper, are required to pre-
dict creep effects when numerically analyzing ASTM A325 
bolts. 

 

Experimental Work 
 

Setup of Experiments 
 
The tested specimens consisted of a single ½" A325 bolt 

connecting two 4" x 4" hollow structural steel sections and 
two vertical bars attached to a tensile testing machine. Fig-
ure 2 shows the assembled specimen inside the open fur-
nace. A custom-built electric furnace with a controller unit 
was used to enforce the heating regime, which was fitted 
into a steel frame, as shown in Figure 3 [5]. A data acquisi-
tion unit collected information about the test through an 
attached LVDT (Linear Variable Differential Transformer), 
the tensile testing machine, and two thermocouples inserted 
into the furnace.  

Figure 2. The Test Specimen 

 
Three sets of experiments were performed (a total of seven 
experiments) and creep was monitored under different fixed 
temperatures for each set. Table 1 shows the sets of per-
formed experiments and the details of each set. 

 
A constant load at a constant temperature was applied to 

the specimen for a given amount of time (1.5 to 2 hours). 
Rates of heating and loading are shown in Figures 4 and 5, 
respectively. During this time, the deformation of the bolt 
was recorded every second. Since load and temperature 
were both constants, the only mechanism that induced fur-

ther deformation, beyond the mechanical deformation and 
thermal expansion, which were assumed to be constants, 
was the creep elongation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. The Electric Furnace and Frame 

 
Table 1. Experiments and Corresponding Loads and  

Temperatures 

 
 

Figure 4. Rate of Heating for all Experiments 
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  Load (lb) Temperature (°C) Number of Experiments 

1 2000 450 3 

2 2000 500 2 

3 2000 550 3 
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Figure 5. Rate of Loading for all Experiments  

 

Material Properties of the Specimen at 
Ambient Temperature 
 

Table 2 shows the ambient temperature material proper-
ties of the tested specimen. Some of these properties are 
temperature-dependent and should be considered as such 
when performing the FE analysis. The European code gives 
the necessary relationships to determine mechanical and 
thermal properties of steel for various temperatures [4], [7]. 

 
Table 2. Material Properties of Bolts, Rods, and Steel Sections 

at Ambient Temperature 

Analysis of Experimental Results 
 
The average experimental deformations of each set of 

experiments are plotted in Figure 6. Since load and tempera-
ture were both constants, the only mechanism that induces 
further deformation is creep. Deformations due to mechani-
cal load and thermal expansion for the whole setup were 
manually calculated. Deformation due to creep was calcu-
lated by subtracting the thermal expansion and the mechani-
cal load deformation from the total deformation, as shown 
in Equations (1)-(3) [8]. Steel rods outside the furnace and 

the steel sections were assumed to have negligible creep 
deformation due to their size. Creep deformation was as-
sumed to occur only in the bolt, as it was the weaker com-
ponent. 

Figure 6. Average Deformations 

 
 

(1) 
 
 

(2)  
  

 
(3) 

 
where, 
εtotal Total experimental strain 
εload Strain due to mechanical load 
εtemperature Strain due to thermal expansion 
εcreep Strain due to creep 
P Tensile load 
A Cross-sectional area 
L Length of component 
∆T Change in temperature 
α Coefficient of thermal expansion 
δtotal Total experimental deformation 
δcreep Deformation due to creep 
 

Developing Creep Models 
 
The modified time hardening primary creep model in 

Equation (4) [6] was used to model the creep behavior. This 
model was used to model the primary creep effect: 

 
 

                                (4) 
 
where,  

Property Steel Unit 

Young’s Modulus 29000 ksi 

Poisson’s Ratio 0.3 - 

Density 490 lb/ft3 

Thermal Expansion 1.2x10-5 1/°C 

Thermal Conductivity 60.5 W/m.°C 

Specific Heat 434 J/kg.°C 
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      cr Strain due to creep 
σ Normal stress on the bolt 
t Time (seconds) 
e  Euler’s number = 2.71828 
T  Temperature (°C) 
C1, C2, C3, and C4 are constants 

 
Linear regression analysis [9] was used to solve for con-

stants C1, C2, C3, and C4 for each set of experiments. To 
solve for these constants, linearization of the equation was 
done by taking the logarithm of both sides of the equation, 
as shown in Equation (5). Some logarithm properties were 
applied to the equation to shape it, as shown in Equation (7). 

 
 

(5) 
 
 

(6) 
 
 
 
 

(7) 
 
First Set of Experiments:  T=450°C 
 

Table 3. Model Constants for the First Set of Experiments 

(T=450°C) 

 
Second Set of Experiments:  T=500°C 

 

Table 4. Model Constants for the Second Set of Experiments 

(T=500°C) 

 
Using the mathematical model of creep strain in Equation 

(4) and the creep constants corresponding to each set, pre-
dicted creep strain values were found and plots of predicted 
creep strain versus time for each set were generated. Figures 
7-9 show comparisons between experimental creep strain 

and predicted creep strain. The figures also show an accu-
rate prediction of creep strain values compared with the 
experimental creep strain values. This shows that model 
results successfully match the experimental results.  

 
Third Set of Experiments: T=550°C 
 

Table 5. Model Constants for the Third Set of Experiments 

(T=550°C) 

 

Figure 7. Comparison between Experimental Creep Strain and 

Creep Strain Predicted using the Modified Time-Hardening 

Model of the First Set 

Figure 8. Comparison between Experimental Creep Strain and 

Creep Strain Predicted using the Modified Time-Hardening 

Model of the Second Set 
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Figure 9. Comparison between Experimental Creep Strain and 

Creep Strain Predicted using the Modified Time-Hardening 

Model of the Third Set 

 

Coefficient of Determination 
 
Coefficient of determination (R2) is the square of the 

Pearson function (Coefficient of correlation) (R). It reflects 
the linear relationship between two data sets, where a value 
of 1 means that the two data sets are perfectly correlated. 
The closer the value is to 1, the better the correlation. The 
closer the value is to zero, the worse the correlation. Coeffi-
cient of determination can be calculated using the following 
equation: 
 
 

(8) 
 
 

For a strong correlation, the R value should be higher than 
0.8, and R2 should be higher than 0.64 [10]. 

 

General Model using All Sets of 
Experiments 

 
A generalized creep model can predict creep strain for the 

range of temperatures between 450°C and 550°C with a 
strong correlation. The values of the four constants for the 
general model are reported in Table 6. It can still predict 
creep strain outside this range, though with a reduction of 
accuracy. 

 
Experimental versus predicted creep strain values are 

plotted in Figures 10-12. Also shown are the values of the 
coefficient of determination (R2) that were generated. All 
three figures show that the values of R2 are all higher than 
0.64, which shows that the model has strong correlation 
[10]. 

Table 6. Constants for the General Creep Model  

Figure 10. Experimental versus Predicted Creep Strain at 

T=450°C using the General Model 

Figure 11. Experimental versus Predicted Creep Strain at 

T=500°C using the General Model 

 
The creep constants of the general model represent the 

three temperatures of 450°C, 500°C, and 550°C, and can 

manually be used to predict creep strains for non-constant 
temperature loading. The general model was generated 
since it is hard to manually interpolate between the three 

models (450°C, 500°C, and 550°C) when trying to manual-

ly calculate the creep strain for a bolt under variable temper-
ature. On the other hand, if finite element software is used 
to predict the creep behavior for a bolt with variable temper-
ature loading, creep constants of each of the three sets can 
be entered into the software, which can handle the interpola-
tion. 

( )( )
( ) ( )∑ ∑
∑

−−

−−
=

22

yyxx

yyxx
R

C1 1.8E-08 

C2 0.923853 

C3 -0.36659 

C4 -13.8052 



——————————————————————————————————————————————–———— 

 

Figure 12. Experimental versus Predicted Creep Strain at 

T=550°C using the General Model 

 

Conclusion 
 
Designing an experiment that can capture creep in a steel 

connection presents many challenges. This research study 
was successful in terms of designing an experiment to allow 
for the development of analytical creep models that can be 
utilized in modeling an entire bolted steel connection. This 
has significance for researchers and designers alike when it 
comes to fire considerations and its effect on the deteriora-
tion of a steel connection and its components. The develop-
ment of creep models for ASTM A325 bolts will make it 
easier to include creep in analyses of this kind when con-
ducting FEA simulations. The models for the first, second, 
and third sets were developed based on the modified time 
hardening model, one of the primary creep models used in 
the commercial FEA software ANSYS, which is also appli-
cable to other FEA software packages such as ABAQUS. 
This allows for the use of the creep constants presented in 
this paper in other types of analyses without having to per-
form creep tests. Figures 7-9 show accurate creep prediction 
values compared to the measured experimental values.  
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Abstract 
 
Networking is a paradigm for offering cost efficient, se-

cure, and reliable service delivery across infrastructure. The 
dynamic location of service facilities and the convergence 
of hardware and software elements hinder network perfor-
mance. Nowhere is this more evident than for assurance 
services such as packet filtering. Spikes and endurance in 
traffic load can lead to delays, lapses, and even failures in 
these network protection mechanisms. In this study, the 
authors compared packet filtering schemes in order to iden-
tify the most effective architecture. First, a control test was 
conducted with no firewall. This test provided baseline per-
formance statistics for purposes of comparison. Next, a 
hardware-based packet filtering architecture was evaluated. 
In this scenario, the access control list was implemented on 
an inline hardware firewall. Packets were filtered before 
entering the network and both architectures were subjected 
to a series of stress tests and load tests using simulated data. 
The results indicated the conditions under which each archi-
tecture was superior. 

 

Introduction 
 

With every organization using the Internet for global 
business, and rapid development in technology resulting in a 
growing number of hackers using every type of intrusion to 
access networks, each organization—small or large—needs 
to protect its network in order to avoid unauthorized access.  

 
One of the methods of securing a network is the imple-

mentation of a firewall, which is a combination of hardware 
and software used to implement a security policy governing 
the flow of network traffic between two or more networks. 
A firewall acts as a security barrier to control traffic and 
manage connections between internal and external network 
hosts. Firewalls have proven to be useful in dealing with a 
large number of threats that originate from outside a net-
work [1]. 

 
Packet filtering firewalls involve a process of passing or 

blocking packets at a network interface based on source and 
destinations addresses, ports, or protocols [2]. A firewall 
can be deployed either using hardware or software, or the 
combination of both. Firewall software and hardware are 

both designed to block unauthorized access to networks and 
computers.  

 
A software firewall can be installed on each computer or 

can be a virtual appliance, while a hardware-based firewall 
protects all of the computers on the network. A hardware-
based firewall is easier to maintain and administer than indi-
vidual software firewalls [3]. Firewall products are diversi-
fied according to different types of traffic and required func-
tions (software and hardware). No matter which type of 
firewall is used, it will have an impact on the performance 
of the network and the actual bandwidth that the end users 
achieve. Deciding on the best firewall deployment type re-
garding traffic spike, load, and speed performance is a prac-
tical problem when making decisions on the best firewall 
deployment.  

 
The primary purpose of this study was to compare control 

and hardware architectures in a network using two scenari-
os: test spike and endurance. The task included implementa-
tion of the two different architectures: control-based with no 
firewall and a hardware-based firewall that included a Cisco 
ASA 5510. This study identified the impact of hardware 
firewalls in a network based on performance.  

 

Limitations 
 
This study was limited to comparing control and hard-

ware architectures; these two architectures were evaluated 
based on endurance and spike tests, with a limited amount 
of traffic (10,000 packets). Only legitimate HTTP packets 
generated by a specialized load test tool known as JMeter 
were used. Other parameters such as round trip time and 
packet drops were not analyzed in this study. Filtering rules 
that were configured on the firewall device used in this 
study were decided based on the Access Control List in 
which all packets sent were legitimate packets, considering 
that the study was not focused on securing the different net-
works but rather on analyzing network performance.  
 

Literature Review 
 
As a result of large impacts of packet filtering on net-

works, there has been a significant amount of research work 
done previously. Most of these studies have been on the 
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evaluation of firewall performance [1], [4], [5], network 
firewall comparisons [6], DDoS attacks [7], firewall securi-
ty policy tests [5], network security in the cloud [8], imple-
menting distributed firewalls [9], firewall filtering rules 
detection [10], and performance evaluation of hardware-
based firewalls [6]. No attempt has been made to compare 
control- (no-filter) and hardware-based filtering architec-
tures. 

 
In “Traffic-Aware Firewall Optimization Strategies”, the 

authors focused on improving the operational cost of fire-
walls [1]. Additionally, Funke et al. [4] discussed perfor-
mance evaluation of firewalls in gigabit-networks; the arti-
cle presents the results of a measurement study of a packet 
screen performance in gigabit environment. Sheth and 
Thakker [7], in their presentation of a “Performance Evalua-
tion and Comparison of Network Firewalls under DDoS 
Attack”, made an attempt to study and compare DDoS per-
formance of various types of firewalls in operation. Their 
analysis and detailed comparison was performed on open-
source packet filter firewalls. 

 
Similarly, Lyu and Lau [5] explored the firewall security 

and performance relationship of distributed systems. Experi-
ments were conducted in order to set firewall security into 
seven different levels and to quantify their performance 
impacts. Su and Xu [6] evaluated the performance of Cisco 
ASA and Linux ipTables firewall solutions. The perfor-
mance test primarily focused on the network layer and the 
main parameters included throughput, latency, and concur-
rent sessions. None of these previous studies discussed or 
presented a comparison of spike and endurance between a 
no-filter-based architecture and a filtered-based architecture. 

 

Methodology and Performance 
Measurement 

 
In this section, the control architecture, hardware archi-

tecture, testing infrastructure, test approach and environ-
ment, tools, and hardware used to achieve the goal of this 
study are introduced. Also, spike and endurance in relation 
to this study are defined. An open-source load testing tool 
known as JMeter was used to analyze and measure the 
architectures at different levels. JMeter, an Apache desktop 
application, is open-source software designed to test load 
functional behavior and measure performance [11] with a 
focus on web applications. JMeter is not very scalable and 
a maximum of 2500 requests per second can be sent using 
a single system in a setup [12]. This limitation results in 
the JMeter client machine not being able to stimulate 
(performance wise) enough users to stress the server. To 
improve performance, JMeter can be run remotely from a 

single JMeter GUI client. By running JMeter remotely, it 
can replicate a test across many low-end computers and, 
thus, stimulate larger load traffic [12]. 

 
JMeter can be used remotely with one master and three 

different slaves to generate traffic sent to the webserver 
(target). JMeter can be installed on four Windows 7 virtual 
machines (VM) with one being the master running the 
JMeter GUI and controlling each slave, and three of the 
virtual machines as slaves running JMeter-server, which 
receives commands from the master and sends a request to 
the server under test. Discussion on how to conduct the web 
test using JMeter is not included in this paper. A basic re-
mote-test using a server-slave layout is presented by Figure 
1. 

Figure 1. JMeter Remote/Distributed Testing 

 

In this study, the spike test was designed to load test the 
network in order to verify the stability of the networks dur-
ing a burst of concurrent users or heavy traffic to varying 
degrees of load over varying time periods. Additionally, an 
endurance test was designed to verify if the network could 
withstand the processing load it was expected to have en-
dured for a long period of time. 

 
A hardware-based packet filtering firewall solution ASA 

5510 designed by Cisco was used at the hardware filtering 
level. Unlike most software-based packet filters installed 
within an operating system and configured using a GUI, the 
ASA 5510 is an independent, standalone device that is in-
stalled on a network to analyze, filter, and control incoming 
and outgoing network traffic. ASA routes packets based on 
Access Control List rules configured on the device. This 
provides high-performance intrusion prevention and worm 
mitigation services [13]. 
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Simulated Test Environment 
 
An Apache Web Server responsible for accepting HTTP 

requests from JMeter was set up on an Ubuntu Linux distri-
bution, and the Ubuntu Linux distribution was run as a VM 
on a VMware ESXi hypervisor. Figure 2 depicts the testing 
infrastructure architecture: 

Figure 2. Testing Infrastructure Architecture 

 

Hardware/Software Architectures  
 
The control architecture, which uses no firewall, had four 

Windows 7 VMs with JMeter installed in each. A switch 
connected the ESXi server with the four VMs to the web-
server. Traffic was sent from the VMs to the target, which 
was the webserver. This architecture is presented in Figure 
3. 

 

Figure 3. Control Architecture 

Four Windows 7 VMs with master/slave JMeter remote/
distribution test setups were installed on a VMware ESXi 
hypervisor. Figure 4 depicts the architecture of the ESXi 
Server with the VMs. The hardware architecture used a 
hardware firewall (Cisco ASA) and four Windows 7 VMs 
connected to the hardware firewall through a switch with 
the webserver. All traffic must go through the hardware 
firewall before reaching the target. The architecture is 
shown in Figure 5. 

Figure 4. Operating System Architecture 

Figure 5. Hardware Architecture 
 

Comparison of Test Results 
 

Endurance Test 
 
The results focus mainly on endurance and spike tests of 

the two aforementioned architectures. All of the tests were 
carried out under the same traffic load in order to provide a 
better understanding of and get accurate performance for 
each architecture. Statistical data were collected and manu-
ally calculated to provide results on the differences between 
the architectures. The control and hardware architectures 
were first evaluated using a predefined endurance test. The 
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endurance test evaluated service continuity over a sustained 
period, gradually increasing traffic over a predefined win-
dow of time. The two architectures were tested sequentially. 
Figure 6 depicts the performance of each configuration over 
the course of the 10,000-packet load test. The left axis indi-
cates the time (in milliseconds) that each packet took to 
make the round trip from sender, to cloud, and back to send-
er. This shows that both architectures can sustain a continu-
ous load, with the hardware firewall taking a longer period 
of time to process. 
 
Time (ms)  

Packets 
Figure 6. Results of Endurance Testing 

 

Spike Test 
 
The architectures were then assessed using a spike test. 

This evaluation approximates a sudden increase in cloud 
traffic, possibly owing to a denial of service attack or flash 
traffic associated with viral web content. The test involved 
10,000 packets, sent at various intervals. Figure 7 depicts 
the performance of the control architecture and the hard-
ware filtering architecture under spike traffic conditions. 
This shows that both architectures can recover from the 
limited load (10,000 packets). The control has a better sta-
bility, considering that there is no device, whereas the hard-
ware architecture also recovered from the load test with a 
higher spike and peak than the control architecture. 

 

Statistical Analysis 
 
The statistics associated with the endurance test and spike 

test are provided in Table 1. The number of samples indi-
cates the total number of packets received out of 10,000. 
For the endurance test, the hardware architecture lost 2.04% 

of all packets sent, while the control architecture lost only 
0.96% of packets in the sample. In general, the hardware 
architecture had a higher average response time (indicated 
in milliseconds), higher maximum time, and wide standard 
deviation. However, both architectures approximated the 
same shapes in the graph.  

 
Time (ms) 

Packets 
Figure 7. Results of Spike Testing 

 
Table 1. Results of Endurance Test and Spike Test 

Calculations 
 
A 2-tailed statistical hypothesis test (t-test) was used to 

test the significant difference between the two architectures. 
 

Hypothesis: 
 

Ho: There is no performance difference between the ar-
chitectures. 

Ha: There is a difference between the architectures. 
 

Test Archit 
# of 

Packet 
Av Min Max SDEV 

Endurance Control 9904 3014 24 5009 1982 

 Hardware 9796 4198 26 8192 3816 

Spike Control 9835 3941 24 7147 2997 

 Hardware 9699 4873 25 9113 3739 
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Endurance Test 
 
For Control:     

Average (Ẍ₁) = 3014   
Standard Deviation (s₁) = 1982   
Sample (N₁) = 9904 
    
For Hardware: 
Average (Ẍ₂) = 4198 
Standard deviation (s₂) = 3816 
Sample (N₂) = 9796 
Alpha = .05  
Degrees of Freedom = N₁+ N₂ - 2 = (9904 + 9796)-2 = 
19698 
From the t-Table: t-critical = 1.960  
 
Using a t-test for unequal sample size and unequal variance: 
 
 
 
 
Thus, the t-test 
 
 
 
 
T-critical < t-test = 1.960 < 27.3 
 
Therefore, the null hypothesis was rejected as there was a 
performance difference between the architectures. 

 

Spike Test 
 
For Control:      
Average (Ẍ₁) = 3941    
Standard Deviation (s₁) = 2997    
Sample (N₁) = 9835  
    
For Hardware: 
Average (Ẍ₂) = 4873 
Standard deviation (s₂) = 3739 
Sample (N₂) = 9699 
Alpha = .05  
Degrees of Freedom = N₁ + N₂ - 2 = (9835 + 9796)-2 = 
19532 
From the t-Table: t-critical = 1.960  
 
Using a t-test for unequal sample size and unequal variance: 
 
 
 
 

Thus, the t-test 
 
 
 
 
T-critical < t-test = 1.960 < 19.2 
 
Therefore, the null hypothesis was rejected as there was a 
performance difference between the architectures. 

 

Conclusions and Recommendations 
 
As part of this test, a comparison between a cloud-based 

firewall (Vyatta) and the same hardware-based firewall 
(Cisco ASA) was made. The test focused on evaluating the 
different firewall platforms under heavy traffic, and trying 
to max out the resources of each firewall in order to see and 
analyze which firewall handled heavy traffic load better. 

 
Load and endurance are not easily recognized in networks 

until the target encounters a heavy load. This study com-
pared two different network architectures: one was a control 
architecture with no firewall and the other was a hardware-
based filtering architecture using Cisco ASA. Both architec-
tures underwent two different types of tests: an endurance 
test to determine if the architecture can sustain a continuous 
expected load, and a spike test to verify the stability of the 
network under a burst of concurrent users or system activity 
to varying degrees of load over varying time periods. 

 
From the test results, both graphically and statistically, it 

showed that there was a significant difference between the 
control and hardware architectures. Figures 6 and 7 show 
the different architectures (control and hardware) under the 
two different tests (endurance and spike). The control archi-
tecture has a better performance, considering that there was 
no device added to it; the control architecture was the least 
secure, whereas the hardware architecture had a better secu-
rity implementation and lower performance than the control. 
The hardware still performed as required under the limited 
traffic. The results of the hardware firewall are a result of 
the added device, which was the Cisco ASA. 

 

Appendix A 
 

Access Control List 
 
Table 2 presents the Access Control List implemented on 

the hardware firewall (ASA), which allows traffic flow be-
tween the tests: JMeter and the Web Server. 
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Abstract 
 

Over 93% of the population in the U.S. has mobile phone 
service. However, the relationship between consumer mo-
bile content usage levels and consumer mobile advertising 
acceptance in the rural U.S. is unknown. As a result, mobile 
marketing research results have not described to what extent 
specific types of consumer mobile content usage influence 
mobile advertising acceptance in the rural environment. In 
this paper, the author presents a review of a dissertation 
study previously conducted by the author. 
 

A quantitative, correlation study was conducted to exam-
ine the possible significant relationships between specific 
types of consumer mobile content usage and consumer mo-
bile advertising acceptance for a rural population. The study 
results indicated consumer mobile Internet usage contrib-
utes a significant amount of variance to consumer mobile 
advertising acceptance in the rural U.S. In addition, the 
study results indicated consumer online mobile content 
downloads usage contributes a significant amount of vari-
ance to consumer mobile advertising acceptance in the rural 
U.S. Interestingly, the study did not identify any other sig-
nificant relationships. Consequently, the study results rein-
forced the necessity of identifying significant relationships 
between specific types of mobile content services usage and 
mobile advertising acceptance. 
 

Introduction 
 

Mobile telecommunications carriers have the competence 
to collaborate with marketers to increase brand awareness 
by sending marketing messages to mobile phone consumers 
using interactive mobile content services [1]. Interactive 
mobile content services capable of supporting mobile mar-
keting messages include text messaging, picture messaging, 
and e-mail [1]. Projected growth in the field of mobile ad-
vertising of over 286% between 2009 and 2011 made identi-
fying and understanding the factors that influence the adop-
tion of specific mobile phone services a priority for market-
ers [2]. In addition, even though previous research revealed 
consumer mobile device experiences influence mobile ad-
vertising acceptance [3], little of the research addressed 

whether relationships existing between consumer mobile 
content usage and mobile advertising acceptance influence 
consumers in the rural U.S. [4-5]. 
 

The identification of possible significant relationships 
between consumer mobile content usage and mobile adver-
tising acceptance is significant for a number of reasons. 
First, any significant relationships identified will help mar-
keters specify which consumer mobile device experiences 
have the most potential to increase mobile advertising ac-
ceptance by consumers in the rural U.S. [6]. Second, the 
identified relationships will help mobile telecommunica-
tions carriers increase revenues by providing carriers with 
the opportunity to establish commercial agreements with 
businesses to deliver mobile marketing content utilizing 
personalized mobile content channels with significant con-
sumer acceptance rates [1]. 
 

Research Issue 
 

The study addressed the problem of the lack of consumer 
mobile advertising acceptance in the rural U.S. [1]. The 
issue exists because the use of mobile content services does 
not appear to influence mobile advertising acceptance rates 
[7]. Therefore, an examination of the relationship between 
specific types of mobile content usage and consumer mobile 
advertising acceptance in the rural U.S. should help close 
the market gap and improve mobile advertising acceptance 
levels by rural mobile consumers, while extending the theo-
ry of reasoned action to mobile marketing [6]. 
 

The quantitative correlation study examined the possible 
significant relationship between the independent variable, 
consumer mobile content usage, and the dependent variable, 
consumer mobile advertising acceptance, for a rural popula-
tion. The independent variable was defined as the following 
sub-variables: text messaging, picture messaging, mobile 
Internet usage, online mobile content downloads, and mo-
bile email [8]. The dependent variable was measured as a 
summation of the levels of acceptance of mobile barcode 
scanning, local shopping updates, mobile advertisements, 
mobile auction alerts, and mobile promotional messages [8]. 
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Research Questions 
 

The two research questions addressed by the study were 
selected due to the lack of information discovered during 
the literature review pertaining to the relationship between 
consumer mobile content usage and consumer mobile ad-
vertising acceptance in the rural U.S. Multiple regression 
analysis at a 95% confidence level was used to examine the 
relationships addressed by the research questions. 

 
Q1. To what extent, if any, does consumer mobile content 

usage predict consumer mobile advertising ac-
ceptance in the rural U.S.? 

 
Q2. To what extent, if any, does each independent sub-

variable predict consumer mobile advertising ac-
ceptance in the rural U.S.? 

 

Research Method 
 

The data collection process consisted of the administra-
tion of a Mobile Data Service Survey to randomly selected 
members of the Zoomerang National Consumer Panel with 
mobile phone service [9-10]. Potential study participants 
were selected from 219 rural counties located in the eight 
mountain west states of Arizona, Colorado, Idaho, New 
Mexico, Montana, Utah, Nevada, and Wyoming, as identi-
fied by the U.S. Census Bureau [11]. Counties were defined 
as rural if their non-metro areas had populations of less than 
250,000 people, according to the 2003 Rural-Urban continu-
um codes published by the USDA Economic Research Ser-
vice [12]. Zoomerang utilized a proprietary process to ran-
domly select panel members located in the identified rural 
counties to receive an e-mail invitation to participate in the 
survey. After receiving an e-mail invitation from Zoomer-
ang to participate in the study, approximately 75.2% of in-
vited individuals completed the online study consent form 
to participate in the survey (Table 1). 
 
Table 1. Participants 

 
After completing the online consent form to participate in 

the study, participants accessed the Mobile Data Service 
Survey through the Zoomerang secure online survey deliv-

ery system. The Mobile Data Service Survey used for data 
collection was a 14-question validated survey developed for 
the mobile data content environment [9]. Study participants 
indicated usage levels of each variable on a seven-point 
Likert-type scale. Two questions in the survey instrument 
had measurements changed from nominal to ordinal in order 
to support the Likert-type measurement scale [13]. 
 

Once the survey closed, data analysis was completed uti-
lizing SPSS. Data analysis included the evaluation of col-
lected data with Cronbach’s alpha to measure item response 
liability. The data analysis process also included an evalua-
tion of the independent sub-variables to identify any in-
stances of multicollinearity. 
 

Results 
 
Demographic information indicated the majority of study 

participants were female, as presented in Table 2. 
 

Table 2. Gender 

 
More than 80% of participants reported education levels 

beyond high school as presented in Table 3. 
 
Table 3. Education Level 

 
An initial analysis of the collected data to examine the 

major independent and dependent variables for multivariate 
normality, the normal distribution of variables, indicated 
that all of the major variables exhibited significant positive 
skewness. Although significant skewness in sample sizes 
larger than 100 does not result in applicable differences in 
analysis outcomes, a logarithmic transformation was applied 

Zoomerang National Consumer Panel 

219 
rural 
counties 

8 
mountain 
west 
states 

188 
randomly  
selected mobile 
phone  
subscribers 

> 60% 
between 48 
and 67 years 
of age 

Gender n % 

Female 115 61.2 

Male 73 38.8 

Total 188 100.0 

Education   n    % 

High school graduate 32 17.0 

Some college 77 41.0 

College graduate 48 25.5 

Postgraduate 31 16.5 

Total 188 100.0 



——————————————————————————————————————————————–———— 

 

to each major variable to ensure adherence of the variables 
to the assumptions for normality. Figure 1 is an example of 
a P-P plot for a positively skewed variable. 

Figure 1. P-P Plot of Skewed Mobile Internet Usage 

 
After logarithmic transformation, the resulting P-P plots 

indicated each variable was distributed normally. Figure 2 is 
an example of a P-P plot for a variable after logarithmic 
transformation. The observable P-P plot differences appear 
to be minor after logarithmic transformation; however, the 
standard deviation dropped from 5.57 to 0.31, indicating a 
more substantial difference. 

 
Figure 2. P-P Plot after Logarithmic Transformation 

 

The research results substantiated previous research in 
two instances, as presented in Table 4. First, the analysis of 
research question Q1 with a standard multiple regression 
analysis at a 95% confidence level indicated there is a sig-
nificant relationship between mobile content usage and mo-
bile content advertising acceptance. As presented in Table 
4, R2 indicated that approximately 45.7% of the variability 
in the dependent variable was due to differences in the five 
sub-variables that make up the independent variable. 
Throughout the analysis, multiple regression results were 
interpreted as significant if the p value was less than or 
equal to .001. For research question Q1, the variance was 
significant, as indicated by the p value in Table 4. The re-
sults confirmed the findings of previous research, which 
indicated that consumer mobile content usage influences 
consumer mobile advertising acceptance rates. The results 
also provided justification to establish that consumer mobile 
content usage influences consumer mobile advertising ac-
ceptance levels in the rural U.S. 
 
Table 4. Previous Research Substantiated 

 
Second, previous research studies indicated that consum-

ers were reluctant to accept text message advertisements 
[14]. The results of a hierarchical multiple regression analy-
sis of research question Q2 controlling for seven variables 
suggested the relationship between text messaging usage 
and consumer decisions to opt-in to receive mobile adver-
tisements is not significant. As presented in Table 4, R2 in-
dicated approximately 46.7% of the variability in the de-
pendent variable was due to differences between the seven 
control variables (picture messaging, mobile Internet usage, 
online mobile content downloads, mobile e-mail, age, edu-
cation level, and gender) and text messaging. However, the 
p value was greater than .001 and did not indicate that the 
relationship between text messaging usage and mobile ad-
vertising acceptance levels was significant in the rural envi-
ronment. Therefore, the results supported previous research 
studies that indicated mobile consumers were reluctant to 
accept advertisements delivered via text messaging. 
 

The research results also challenged previous research in 
two instances, as presented in Table 5. The analysis of re-
search question Q2 suggested that the relationship between 
picture messaging usage and consumer mobile advertising 

 Mobile content usage 
influences mobile  
advertising acceptance 
  
R2 = .457 
F(5, 180) = 30.25 
p < .001 

Consumers reluctant to 
accept text message  
advertisements 
  
R2 = .467 
F(1, 177) = .32 
p =.571 
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acceptance is not significant. As presented in Table 5, R2 
indicated that approximately 46.7% of the variability in the 
dependent variable was due to differences between the sev-
en control variables (text messaging, mobile Internet usage, 
online mobile content downloads, mobile e-mail, age, edu-
cation level, and gender) and picture messaging. However, 
the p value was greater than .001 and did not indicate that 
the relationship between picture messaging usage and mo-
bile advertising acceptance levels was significant in the ru-
ral environment. The results did not support previous re-
search, which indicated that consumer picture messaging 
experiences have the potential to influence consumer ac-
ceptance of mobile advertising messages [15]. 
 

In addition, the analysis of research question Q2 also sug-
gested that the relationship between mobile e-mail usage 
and consumer mobile advertising acceptance is not signifi-
cant. Previous research suggested that usage of interactive 
mobile content services such as mobile e-mail contributed 
to consumer mobile advertising acceptance [16]. In the cur-
rent study, as presented in Table 5, R2 indicated that approx-
imately 46.7% of the variability in the dependent variable 
was due to differences between the seven control variables 
(text messaging, picture messaging, mobile Internet usage, 
online mobile content downloads, age, education level, and 
gender) and mobile e-mail. However, the p value was great-
er than .001 and did not indicate that the relationship be-
tween mobile e-mail usage and mobile advertising ac-
ceptance levels was significant in the rural environment. 
The results provided justification to suggest that rural mo-
bile consumers who use picture messaging and mobile e-
mail are not interested in accepting mobile advertisements. 
Furthermore, the results introduced the possibility that mo-
bile consumers in the rural U.S. who utilize picture messag-
ing or mobile e-mail do not perceive mobile advertising as a 
beneficial service. 
 
Table 5. Previous Research Challenged 

 
The research results also expanded the existing literature 

by identifying two new relationships, as presented in Table 
6. First, the analysis of research question Q2 suggested that 
the relationship between mobile Internet usage and consum-
er mobile advertising acceptance is significant. As presented 

in Table 6, R2 indicated that approximately 46.7% of the 
variability in the dependent variable was due to differences 
between the seven control variables (text messaging, picture 
messaging, online mobile content downloads, mobile e-
mail, age, education level, and gender) and mobile Internet 
usage. The variance was significant, as indicated by the p 
value. Therefore, the results expanded existing research 
literature by providing justification to suggest that consumer 
mobile Internet usage influences consumer mobile advertis-
ing acceptance rates in the rural U.S. The results also con-
tributed to the literature by confirming that specific interac-
tive mobile technologies influence mobile advertising ac-
ceptance rates. 
 

Second, the analysis of research question Q2 also sug-
gested that the relationship between online mobile content 
downloads and consumer mobile advertising acceptance 
was significant. As presented in Table 6, R2 indicated that 
approximately 46.7% of the variability in the dependent 
variable was due to differences between the seven control 
variables (text messaging, picture messaging, mobile Inter-
net usage, mobile e-mail, age, education level, and gender) 
and online mobile content downloads usage. The variance 
was significant, as indicated by the p value. Both results 
expanded the existing literature by suggesting consumer 
mobile advertising acceptance in the rural U.S. is influenced 
by two specific interactive mobile technologies. 
 
Table 6. New Relationships Identified 

 

Discussion 
 

The study results raised several questions including: 

• Why do rural mobile consumer text messaging, pic-
ture messaging, and e-mail usage not appear to influ-
ence mobile advertising acceptance? 

• Why do rural consumer mobile Internet usage and 
online mobile content downloads usage appear to 
influence mobile advertising acceptance? 

• Are there inherent differences between rural mobile 
phone consumers and consumers in other mobile 
environments? 

 

Picture messaging  
experiences do not  
influence mobile  
advertising acceptance 
 

R2 = .467 
F(1, 177) = .08 
p =.773 

Mobile e-mail experiences do 
not influence mobile advertis-
ing acceptance 
 

 

R2 = .467 
F(1, 177) = .12 
p =.729 

Mobile Internet usage  
influences mobile  
advertising acceptance 
 
R2 = .467 
F(1, 177) = 10.76 
p =.001 

Online mobile content 
downloads influence mobile 
advertising acceptance 
 
R2 = .467 
F(1, 177) = 21.94 
p <.001 



——————————————————————————————————————————————–———— 

 

Age, gender, and education levels were controlled for and 
did not drive the results of the study. Consequently, the 
study results might be due to inherent differences between 
rural mobile phone consumers and mobile phone consumers 
in other environments. The results provide justification to 
suggest that mobile consumers located in rural environ-
ments differ in the way they define worthwhile value-added 
services. 
 

Recommendations 
 

The study results support several recommendations. First, 
mobile telecommunications carriers should collaborate with 
marketers to increase revenues from mobile advertising 
campaigns targeted at mobile phone consumers in the rural 
U.S. [8]. A collaborative relationship has the potential to 
leverage interactive brand relationships with rural mobile 
consumers by encouraging consumers to purchase mobile 
data plans and to opt-in to mobile advertising programs [8]. 
Second, mobile marketers should investigate the plausibility 
of delivering mobile advertising program invitations to rural 
mobile consumers via the mobile Internet or online mobile 
content download services with an option for mobile con-
sumers to choose the primary media for delivery of mobile 
advertisements [8]. Third, mobile telecommunications carri-
ers should increase value-added services usage among rural 
mobile consumers by helping mobile consumers recognize 
and embrace the benefits value-added services bring to the 
rural environment [8]. 
 

Future research is required due to the controversial find-
ings introduced by the current study and the ubiquity of the 
mobile phone [8]. In addition, future research might focus 
on confirming the results of the current study in a different 
rural environment [8]. Furthermore, future research might 
take a different approach and examine the relationships be-
tween specific types of mobile advertising and specific 
types of mobile content service usage [8]. 
 

Conclusion 
 

In this study, two significant relationships were identified. 
First, consumer mobile Internet usage significantly influ-
ences consumer mobile advertising acceptance rates in rural 
mountain west states. Second, consumer online mobile con-
tent downloads also significantly influence consumer mo-
bile advertising acceptance rates in rural mountain west 
states. Furthermore, the study results introduced a research 
controversy because the findings did not confirm previous 
research, which indicated mobile picture messaging and 
mobile e-mail usage both influence mobile advertising ac-
ceptance rates. The newly identified relationships and con-

troversial findings warrant additional study within the rural 
U.S. mobile consumer environment to further examine the 
relationship between specific types of mobile content usage 
and mobile advertising acceptance. 
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Abstract  
 

Tie-force and structural integrity requirements were intro-
duced recently into the U.S. building codes and, hence, 
there is a need to understand the implications that these re-
quirements have for steel design and detailing. Structural 
integrity has been required by ASCE 7 for many years, but 
there has not been a specific criterion defining how this re-
quirement could be met. The International Building Code, 
IBC 2012 [1], now contains a structural integrity require-
ment that applies to high-rise buildings assigned to Occu-
pancy Category III or IV. ASCE 7-10 [2] also has revised 
integrity requirements. These requirements were introduced 
decades ago in the U.K. standards in response to the govern-
ment directive that buildings must be designed for dispro-
portionate collapse; similar requirements have been incor-
porated into the Eurocodes.  
 

In this study, the authors reviewed the historical back-
ground of tie-forces and structural integrity requirements in 
the U.S. standards, Eurocodes, and other international stand-
ards. Presented here, along with a review of these standards, 
are highlights of the differences between the European and 
the U.S. standards (IBC 2012, ASCE 7-10), and a discus-
sion of the UFC (Unified Facilities Criteria) [3] require-
ments relative to IBC 2012and ASCE 7-10. 
 

Additionally, specific examples of the design of steel con-
nections to meet the tie-force and structural integrity re-
quirements are presented and compared using the U.S. and 
other international codes. Finally, the authors introduce 
practical recommendations for how to design steel struc-
tures to meet structural integrity requirements. 

 

Introduction 
 

Although structural integrity requirements were intro-
duced into the U.S. and Canadian building codes in the ear-
ly 1970s, structural integrity and building vulnerability to 
progressive collapse only started receiving more attention 
by the engineering community and the standards-writing 
groups during the last two decades. A study on the risk from 

abnormal loads and progressive collapse was published and 
presented a framework for the assessment of such risk [4]; 
the study investigated the scenarios of abnormal loading 
that may lead to progressive collapse, structural reliability 
basis for design criteria, load combinations that account for 
abnormal or accidental load, and code implementations. 
 

Integrity of structural steel after exposed to fire was stud-
ied with a focus on the integrity of the individual member, 
not the whole structure [5]. In this study the behavior of 
high-strength bolts and welded connections were investigat-
ed along with their effects on individual members. A de-
tailed study of the robustness of structural steel framing 
systems was performed to quantify the minimum level of 
structural integrity of structural steel buildings [6]. This 
study set the beginning of the process to provide specifica-
tions for structural integrity for structural steel systems. The 
new provisions for structural integrity in the 2012 Interna-
tional Building Code (IBC) will provide sufficient re-
sistance to progressive collapse and unanticipated loading if 
followed properly during the design phase. These require-
ments can be met in most steel buildings with few calcula-
tion checks and with no additional cost to buildings.  

 
The different standards use different terms and definitions 

related to structural integrity with the same intent. Progres-
sive Collapse as used in ASCE 7-10 is defined as “the 
spread of an initial local failure from element to element 
resulting, eventually, in the collapse of an entire structure or 
a disproportionately large part of it” [2]. Disproportionate 
Collapse is another term that is used for this intent, which is 
related to an area of collapse that is proportioned to certain 
loads. The U.K. building code [7] limits the area subjected 
to failure due to a failure of supporting elements to 70 m2. 

 
Integrity, as used in some standards, is the ability of 

members to remain intact or connected to other elements of 
the structure when subjected to loads that exceed the design 
loads. This is achieved either by strengthening members to 
sustain higher loads or by providing other types of support 
to a given area. Redundancy, as used in some standards, is 
providing alternate load paths for loads that might be ap-
plied at a specific area. Providing redundancy does not 
guarantee a structure capable of resistance to progressive 
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collapse; this could be achieved if the alternate load path 
has the capacity to support the full load in case of an unan-
ticipated event. Alternate Load Path or Bridging, as also 
used in some standards, is a system that is designed with a 
complete secondary load-carrying system that is capable of 
bridging over failed elements.  

 
Robustness, as related to this topic, is the ability of a 

structural element to resist loads beyond its design loads. 
This could be achieved by strengthening individual mem-
bers by providing alternate means of support in a specific 
area. Key Elements used in the U.K. standards [7] are the 
structural elements that will result in the collapse of a spe-
cific area if they fail. This area is defined in the British 
Building Regulations as 70 m2; it is required to design these 
elements for 34 KN/m2 applied tributary to the element and 
not exceed the capacity of the connections, as defined in the 
British Codes.  
 

Ties are structural elements that provide tensile continuity 
across the floor. The ties required are vertical, longitudinal, 
transverse, and peripheral. The 2012 IBC requires that the 
steel frame connections develop a minimum force that could 
be reduced if the beams are connected to the slab by studs. 
Ties need to be provided in both directions and it is pre-
ferred that they be in orthogonal directions.  

 

2012 IBC Structural Steel Framed 
Buildings Requirements 
 

The 2012 IBC requires certain types of buildings to satis-
fy structural integrity requirements. The 2012 IBC states 
[1]: 

 
1615.1 High-rise buildings that are assigned to Risk 

Category III or IV shall comply with the require-
ments of this section. Frame structures shall com-
ply with the requirements of Section 1615.3. Bear-
ing wall structures shall comply with the require-
ments of Section 1615.4. (p.376)  
 

According to this section, only buildings that are classi-
fied as high-rise and fall into occupancy categories III or IV 
need to meet the structural integrity requirements. High-rise 
buildings are defined in the 2012 IBC code as buildings 
with an occupied floor that is 22.86 m above fire department 
access.  
 

Occupancy category III buildings are public assembly 
buildings with more than 300 occupants, schools with more 
than 250 occupants, jails, or any occupancy with more than 
5000 occupants. Occupancy category IV buildings are es-

sential facility buildings such as hospitals, fire departments, 
rescue police, etc. It should be noted, then, that high-rise 
buildings above five to six stories that either have a large 
number of occupants or are an essential facility need to 
meet these structural integrity requirements. ASCE 7-10, on 
the other hand, requires all buildings to meet the structural 
integrity requirements as shown below. Also, the AISC col-
umn bracing requirement for axial connections may exceed 
the 2012 IBC requirement, which is defined as follows:  
 

1615.3.2 Structural steel, open web steel joist or 
joist girder, or composite steel and concrete frame 
structures. Frame structures constructed with a 
structural steel frame or a frame composed of open 
web steel joists, joist girders with or without other 
structural steel elements or a frame composed of 
composite steel or composite steel joists and rein-
forced concrete elements shall conform to the re-
quirements of this section. (p.376) 

 
1615.3.2.1 Columns. Each column splice shall 
have the minimum design strength in tension to 
transfer the design dead and live load tributary to 
the column between the splice and the splice or 
base immediately below. (p.376) 

 
1615.3.2.2 Beams. End connections of all beams 
and girders shall have a minimum nominal axial 
tensile strength equal to the required vertical shear 
strength for allowable stress design (ASD) or two-
thirds of the required shear strength for load and 

resistance factor design (LRFD) but not less than 
45 kN. For the purpose of this section, the shear 
force and the axial tensile force need not be consid-
ered to act simultaneously. (p.376-377) 

 
Exception: Where beams, girders, open web joist 
and joist girders support a concrete slab, or con-
crete slab on metal deck that is attached to the 
beam or girder with not less than 9.5 mm diameter 
headed shear studs, at a spacing of not more than 
305 mm on center, averaged over the length of the 
member, or other attachment having equivalent 
shear strength, and the slab contains continuous 
distributed reinforcement in each of two orthogonal 
directions with an area not less than 0.0015 times 
the concrete area, the nominal axial tension 
strength of the end connection shall be permitted to 
be taken as half the required vertical shear strength 
for ASD or one-third of the required shear strength 
for LRFD, but not less than 45 kN. (p.377) 

 



——————————————————————————————————————————————–———— 

 

The AISC standard splice requirements [8] satisfy the 
column splice tension capacity; however, it is always im-
portant to check the column splice connection under differ-
ent loading conditions. As for horizontal force requirements, 
the standard AISC connections with ¾ in. diameter A325 
bolts and framed connections with an increased edge dis-
tance meet the minimum structural integrity requirements. 
During design or check, once a connection is verified, there 
is no need to verify the other connections. In summary, the 
2012 IBC structural integrity requirements apply to a few 
building types and steel buildings with most AISC standard 
connections meeting this requirement.  
 

British Standard and Eurocode 
Disproportionate Collapse  
Requirements  
 

The British standard for steel buildings, BS5950 [7], sec-
tion 2.4.5, requires buildings to be designed with ties that 
can support 75 KN in each direction of the floor, which can 
be provided by steel members and connections or by steel 
reinforcement in the concrete slab. The Eurocode has simi-
lar requirements to BS 5950. The British standards present 
three ways to design for disproportionate collapse: 
 

1. Provision of Ties: When vertical, edge, and internal 
ties are provided in a floor and distributed over the 
entire floor, the floor should be capable of preventing 
disproportionate collapse. Figure 1 shows the distri-
bution of ties in a floor. As an alternative, the entire 
framing can be used as ties, as shown in Figure 2. 

Figure 1. Example of Tying the Columns of a Building (figure 

from BS 5950 Article 2.4.5.2) 

Figure 2. Example of General Tying of a Building (figure from 

BS 5950 Article 2.4.5.2) 

 

The axial tension tie-force required at each tie element is 
equal to the vertical gravity load that is tributary to the ele-
ment. That force is equal to the gravity load of a full bay in 
the example of Figure 1 and to the factored shear of the 
beam in the example of Figure 2, with a minimum tie-force 
of 75 KN. Similar to the 2012 IBC, the vertical shear and 
the horizontal tie-force need not be taken simultaneously. 
When comparing the BS 5950 requirements with the 2012 
IBC requirements, one can see that the 2012 IBC tie-force 
requirements are one-third to two-thirds of the tie-force re-
quired by BS 5950, and the 2012 IBC has structural integri-
ty requirements for certain types of buildings, whereas BS 
5950 requires all buildings to meet the structural integrity 
requirements. Also, column splices are required to have the 
capacity to support one floor, according BS 5950, whereas 
in the 2012 IBC, the splice is required to support the tribu-
tary width of the column. This means that for a multi-story 
column, the splice requirement based on BS 5950 is one-
half of that required by 2012 IBC.  
 

2. Notional Column Removal (Alternate Load Path 
Analysis): This is an alternative method if ties cannot 
be provided; in this method, one column needs to be 
removed at a time and a check needs to be performed 
to see if there is an alternate path capable of prevent-
ing disproportionate collapse. For the Alternate Load 
Path analysis, one-third of the wind and live loads are 
used with a 1.05 load factor for all loads.  

 
3. Key Elements: This is an alternative to the previous 

two methods in which part of the structural elements 
has to be designed as Key Elements. According to BS 
5950, ties need to be provided for essential facility 
buildings, public buildings, and all buildings above 
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four stories. For other buildings, if tie-forces cannot 
be provided, the Alternate Path Load method can be 
used; and if the Alternate Load Path method is not or 
cannot be used, the Key Element method is used. 

 

Unified Facilities Criteria (UFC)  
Requirements for Structural Integrity  
 

The UFC [3] and the General Services Administration 
(GSA) provide three design approaches for structural integ-
rity requirements: Tie Forces (TF), Alternate Path (AP), and 
Enhanced Local Resistance (ELR). Unlike the British stand-
ards, the UFC mandates which approach is to be used, de-
pending on the occupancy category, as shown in Table 1.  
 
Table 1. UFC Structural Integrity Requirements (Table 2-2 

from page 22 of UFC 4-023-03) 

The UFC has additional requirements for higher-
occupancy-category buildings, which are different from BS 
5950, which assume that ties alone are enough to prevent 
disproportionate collapse. It is not clear what additional 
safety is provided by requiring alternate path analysis and 
enhanced local resistance. The UFC also requires factoring 
the floor load by three as a design force for tie-forces rather 
than using the end-factored shear in the British standards, as 
shown below:  
 

WF = 1.2D +0.5L                              (1)   
 

Fi = 3 WF L1                                   (2)                                                          
 
where, 

WF  Floor load per section 3-1.2 KN/m2 
D  Dead load 
L Live Load 
Fi Tie-force 
L1 Greater of the distance between the centers of the 

columns, frames, or walls supporting any two adja-
cent floor spaces in the direction under consideration, 
m 

 
This results in a variable tie-force depending on the dead 

and live loads. According the UFC requirements, the tie-
force should be distributed in the slab rather than in the 
beams, as shown in Figure 3. According to the require-
ments, for the beams to be used, they must be capable of 
accommodating an end rotation of 0.2 radians (11.3 de-
grees), which may not be achievable. The purpose of this 
requirement is that the slab should be capable of developing 
catenaries, which is different from the British standards.  

Figure 3. Tie-forces in a Frame Structure (figure from UFC  

4-023-03) 

 
Based on the aforementioned requirements and Figure 3, it 
can be seen that the UFC criteria are more conservative than 
the British standards.  

 

ASCE 7 Requirements for Structural 
Integrity 
 

Structural Integrity requirements were introduced to the 
standard in 1995. The current standard ASCE 7-10 states: 
“Buildings and other structures shall be designed to sustain 
local damage with the structural system as a whole remain-
ing stable and not being damaged to an extent dispropor-
tionate to the original local damage” [2]. 

Occupancy 
Category 

Design Requirement 

I No specific requirements 

II Option 1: Tie-forces for the entire structure 
and Enhanced Local Resistance for the cor-
ner and penultimate columns or walls at the 
first story. 
Option 2: Alternate Path for specified column 
and wall removal locations. 

III Alternate Path for specified column and wall 
removal locations; Enhanced local Resistance 
for all perimeter first story columns or walls. 

IV Tie-forces; Alternate Path for specified col-
umn and wall removal locations; Enhanced 
local Resistance for all perimeter first and 
second story columns or walls.  



——————————————————————————————————————————————–———— 

 

To summarize the requirements of ASCE 7-10, the stand-
ard requires: providing a continuous load path for the lateral 
force resisting system; design for either notional loads equal 
to one percent of the structures weight or perform stability 
analysis, structures assigned seismic design category B or 
higher need to meet this requirement; provide load path 
connections for the lateral system capable of supporting five 
percent of the weight of the portions of the structure con-
nected; each member must have a minimum horizontal 
force capacity; and, the standard added load combinations 
for notional loads.  
 

Summary of Tie-force Requirements 
 

Table 2 summarizes the tie-force requirements of the dif-
ferent standards mentioned above. The information is 
shown for comparison purposes only; for exact require-
ments, engineers should refer to the applicable standards, 
particularly the UFC requirements. It should be mentioned 
again that UFC requires ties in the slab system, which is 
different from the other standards. 

 
Table 2. Comparative Tie-force Summary (LRFD) 

Notes: 
1. Beam must be capable of 0.20-rad (11.3-deg) end rotation; otherwise tie-force must 
be resisted by the slab system. 
2. Horizontal force shall be combined with other forces from other loads, but may be 
transmitted by means of connections to the diaphragm. 

 

Conclusion 
 

The 2012 IBC structural integrity requirements are purely 
detailing considerations and are independent from the build-
ing analysis and design for gravity and lateral loads. The 
structural integrity checks for axial tension capacity need to 
be independent from any other load cases, and the axial in-
tegrity forces are not added to any other load cases. Yield-
ing, bolt-hole deformation, axial deformation, and other 
serviceability considerations need not be considered as limit 
states. 
 

The 2012 IBC tie-force requirements are less stringent 
than the British standards and the UFC, but higher than 
ASCE 7-10. Standard bolted AISC connections, except seat-
ed connections, meet the 2012 IBC tie-force requirements 
without modifications or with a minor modification by in-
creasing edge distance. Recent research projects have inves-
tigated the effect of retrofit strategies on mitigating progres-
sive collapse [9]; one of the parameters studied was the tie-
force due to certain retrofit strategies. Tie-forces exerted in 
the beams were estimated to be more than the limits stated 
by some standards, which suggests that more research is 
needed in order to estimate appropriate tie-forces. 
 

In a more recent study [10] on the tie-force and structural 
integrity requirements, it was shown that the structural in-
tegrity requirements in the 2009 IBC are insufficient for 
progressive collapse prevention under column loss scenari-
os. Additionally, this study showed that the tie-force re-
quirements in the UFC [3] are conservative for a quasi-static 
uniform load that is less than 9.38 kN/m2, but for quasi-
static uniform load exceeding 9.38 kN/m2, the calculated tie
-forces exceed the requirements set by the UFC. This cur-
rent study posed empirical equation that relates the required 
tie-force to the uniform load.  
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End Reaction) 
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splices  
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 Abstract 
 

Maintaining quality technology, manufacturing, or engi-
neering programs requires institutional support, dedicated 
faculty and students, and specialized equipment to provide 
immersive experiences. However, the cost of updating or 
replacing outdated and unsafe equipment presents a unique 
challenge for educational institutions faced with stagnant or 
decreasing budgets. Doing more with less has become the 
mantra of leaders at the national, regional, and local levels, 
but how to accomplish this presents a dilemma for academi-
cians at all levels. Manufacturing programs typically utilize 
a wide variety of industrial equipment that runs the gamut 
from automated to manually operated systems. Further, 
these units not only require large spaces in buildings, they 
are also costly to operate and maintain. Faced with these 
challenges, institutions will have to adapt and innovate by 
pursuing alternative and creative approaches to educating 
21st century students. Two issues were examined in this 
study: 1) to ascertain the extent to which less costly bench-
top metal lathes can be used as viable alternatives in provid-
ing students with an understanding of the design and crea-
tion of manufactured items, and 2) determine the levels of 
acceptance by faculty and industry about the use of smaller 
lathes as viable alternatives to their industrial-sized cousins. 
In this study, the authors found that both faculty and indus-
try were accepting bench-top metal lathes as acceptable 
substitutes to full-sized lathes in the laboratory settings. 
 

Introduction 
 

Preparing 21st century students for the workplace requires 
competent educators knowledgeable about industrial prac-
tices and also access to available equipment for providing 
needed experiential learning. Additionally, since students 
must be taught the fundamental concepts associated with 
manufacturing practices, it is important to utilize a variety 
of specialized tools to implement product designs. However, 
the ability of institutions to meet these goals in fiscally aus-
tere times is proving to be difficult for all but those with the 
financial resources to acquire costly industrial-grade equip-
ment.  

 
In order for manufacturing and vocational programs to 

survive, they must adapt and become cost conscious. And, 
when cost-saving measures are necessary, it is important to 
ensure that the program will still satisfactorily prepare stu-
dents to enter the job market as qualified workers. While it 
may not be necessary for graduates in some program areas 
like engineering to demonstrate proficiency in the use of 
specialized manufacturing equipment, it is nonetheless im-
portant that students in many related disciplines have an 
understanding of product design and manufacturing process 
operations if they are to be regarded as credible, particularly 
if they will be supervising or working with others in any 
design or production activity.  
 

It is reasonable to assume that automation in modern 
manufacturing industries has all but eliminated the need for 
certain skills or abilities by employees. However, this atti-
tude is inconsistent with findings of studies by the Universi-
ty of California at Berkeley [1] and by Deeter [2]. Deeter 
suggested that there is a necessity for students to have a 
solid foundation in manual processes if they are to effective-
ly learn how to use Computer Numerical Controlled (CNC) 
equipment. The issue facing program directors, therefore, is 
a complex and multifaceted one where they may have to 
deal with the matter of cost containment while at the same 
time ensuring quality educational experiences for all stu-
dents.  
 

Much has been written about manufacturing technology 
educational programs; however, no studies were found us-
ing a variety of databases (ERIC Educational Database, Ac-
ademic Search Premier, Elsevier Science Direct, and other 
sources found on the World Wide Web) about the use of 
small-scale equipment in lieu of costly industrial size mod-
els. From a practical perspective, it seems reasonable to 
assume that smaller machines could provide experiences 
comparable to those obtained from using larger systems, but 
to what extent would bench-top lathes be capable of produc-
ing tolerances consistent with large-scale industrial sys-
tems? Understanding the nature of manufacturing practic-
es—procedural and technical—is essential to technology or 
industrial technology programs at the secondary and post-
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secondary levels. Therefore, care must be taken to ensure 
that any substitution of equipment will produce comparable 
experiences for students. In this study, the authors examined 
two issues arising from a study of metal lathes: 1) the use of 
less costly manufacturing equipment—a bench-top lathe—
to provide students with some understanding about what 
goes into the design and creation of manufactured items, 
and 2) acceptance by faculty and industry of the use of 
smaller lathes as viable alternatives to their costly industrial 
size cousins. The metal lathe was selected for this study 
because of its multipurpose nature and the capability of the 
unit to provide hands-on experiences in a variety of manu-
facturing applications (e.g., milling, drilling, and grinding). 
 

Historical Perspective 
 

The roots of industrial education can be traced back to 
ancient times, where a need existed to educate workers in 
the performance of various tasks essential for work. And, 
according to Bennett [3] industrial education in America 
reflected the needs and values of an ever-changing world, 
where fathers provided industrial education for their sons at 
a time when it was possible for sons to learn what they 
needed to know about a trade [4]. Eventually, this father-son 
system of training evolved into apprenticeship programs 
that were responsible for the bulk of technical training in the 
18th and part of the 19th centuries in the United States. Later, 
the Morrill Act of 1862 helped establish Land Grant Colleg-
es in each state to educate students in agriculture and me-
chanical arts. This singular act was a pivotal point in the 
history of American education and enabled industrial educa-
tion to become a more common and widely accepted part of 
higher education in America [5]. Although agriculture was 
considered the primary focus of the Morrill Act, it was in 
fact the engineering programs that were the norm at many 
of the land grant colleges [6]. Engineering programs and 
industrial education shared common traits at the time, and it 
was not unusual to see elements of engineering curricula 
worked into industrial education programs [7]. However, 
what the Morrill Act did was to reflect the changing views 
of the time about what education should be and what it 
should include. By delineating the nature of the colleges 
established under the act, the Morrill Act also moved the 
American system of higher education one step closer to 
industrial education, as it is known today.  
 

The past methods of providing industrial education and 
the type of education that resulted from the Morrill Act 
strongly influenced the current state of industrial education 
in institutions of higher learning in America. The influence 
of earlier apprentice programs, which provided young peo-
ple with an education that prepared them to become gainful-
ly employed in a trade, seems to be evident in the values 

and views of modern day industrial education programs, 
particularly those in community colleges. Indeed, it may not 
be a stretch to suggest that many programs in colleges and 
universities still see value in hands-on or experiential learn-
ing, a desired feature of modern curricula. 
 

Current Challenges Facing  
Technology Programs 
 

Given the high cost associated with using and maintaining 
industrial equipment [8], many schools have begun replac-
ing existing laboratories with newer modular laboratories. 
These units, while economically viable, have drawn criti-
cism from some concerning their suitability for teaching 
problem-solving skills [9]. Many modular labs are orga-
nized in such a way that all students really have to do is read 
and follow directions to complete the necessary require-
ments for a given module [10]. An example of a modular 
lab would be a Virtual Machine Shop [11] that is accessible 
to educators who no longer have easy access to physical 
machine shops which have traditionally been part of manu-
facturing programs in education.  
 

Virtual machine shops provide only one aspect of the 
educational experience—the opportunity to examine video 
clips of lathes in operation and learn about issues such as 
cutting-tool geometry [12]. This approach, however, lacks 
the valued and needed hands-on reinforcement experiences. 
Such were the findings of a study conducted by the Univer-
sity of California at Berkeley [1], where it was thought that 
a need existed for more hands-on approaches, especially in 
using manual machine tools. Similar views were expressed 
by instructors at Miami Valley [2]. While modern technolo-
gy allows for the utilization of virtual environments to teach 
machine shop concepts—virtual machine shop [12]—there 
is the possibility that students may not acquire the same 
skills-sets (knowledge and abilities) in these environments 
as they would with traditional methods of instruction [8]. 
Additionally, in some virtual environments (e.g., Second 
Life) there is the added possibility of personal and institu-
tional liability if students are exposed to content that they 
find emotionally harmful [13]. 

 
In 1992, researchers at the University of California (UC 

Berkeley) conducted a study of 45 individuals working in 
manufacturing to determine what educational requirements 
were needed for programs wishing to train students who 
would be pursuing jobs in this industry. The participants 
included machine operators, traditional setup machinists, 
CNC programmers, and industrial engineers. Results of the 
study indicated a perceived need for more hands-on ap-
proaches in education, particularly those dealing with the 



——————————————————————————————————————————————–———— 

 

instruction of manual machine tools. Many of the machin-
ists interviewed for the study felt that CNC machines would 
never entirely replace manual machines in the workplace 
because these machines were too inflexible for the many 
individual tasks required in a manufacturing environment. 
Machinists who were interviewed also indicated that under-
standing the CNC machines and their operation required a 
solid foundation in manual machine tool operation. This 
sentiment was also supported by the industrial engineers in 
the study who felt that it was necessary to learn manual ma-
chine tool operation before venturing into the subject of 
CNC machines [1]. 

 
The UC Berkeley study also identified some related is-

sues about current educational practices. For example, many 
technology programs were either eliminated [12], [14] or 
began switching to different curricula, such as modular la-
boratories [15], because of the costs associated with main-
taining traditional machining programs [8]. Simply increas-
ing class sizes—one way to generate needed revenue—may 
not only increase student-to-faculty ratios but also the num-
ber of students that can be served by the available equip-
ment. One important finding in the UC Berkley study was 
that CNC equipment is perhaps less important than having 
simpler manual machine tools that have traditionally been 
part of these programs [1]. Given the cost of new industrial 
equipment—manual or programmed—a reasonable alterna-
tive may be to obtain used systems. However, securing old-
er equipment presents three issues: frequent repairs, obtain-
ing replacement parts, and the need to add the safety fea-
tures found in newer equipment. Faced with these issues, 
bench-top machine tools might become a suitable alterna-
tive for addressing safety concerns and costs, while still 
providing students with working-world experiences. 
 

Cost Concerns and the Resulting  
Impact 
 

Concerns about the cost of running industrial technology 
programs are not lost on educators who recognize the ex-
penditures associated with maintaining and operating tech-
nical programs. Rawlins, president of Washington State 
University, noted that “technology programs are easy tar-
gets for cuts because they are expensive” [8] with Rogers 
[16] placing the value of maintaining one modern industrial 
technology education laboratory at somewhere around 
$500,000 in 1996 dollars [8], [16], [17]. However, while the 
cost of equipment is likely to change over time, it is not 
expected that these changes will be significantly different 
from year to year. Furthermore, while manual machines can 
be used for many years with minimal updates, CNC ma-
chines can quickly become outdated with updates becoming 

increasingly expensive. Therefore, it is not surprising that 
higher operating programs will come under close scrutiny 
when attempting to balance budgets at the program and in-
stitutional levels. 
 

A report on a national survey of state practices conducted 
in 2000 [18] and submitted to the Ohio Legislative Office of 
Educational Oversight noted that the cost to purchase and 
maintain vocational instructional equipment has been a 
leading factor in the relatively high expenditures of voca-
tional education. While there may be creative ways to ad-
dress cost-related issues, the temptation to equip machine 
shops with older equipment, obtained through donations or 
other means, may not be a desired solution to the problem. 
Most modern equipment is required by OSHA to have cer-
tain minimum safety features, many of which do not exist in 
older machines. The lack of these features can result in haz-
ardous situations for the student [19], thereby leaving the 
institution liable in the event of injuries associated with any 
accident. Even if the existing equipment can be updated to 
an appropriate safety level, the lack of relatively inexpen-
sive available replacement parts is often an issue. How then 
should directors of manufacturing program deal with the 
huge costs associated with equipment procurement and 
maintenance? This current study attempted to address this 
very issue. 
 

Methodology 
 

The methodology employed in this study was designed to 
obtain data in order to answer two research questions: 1) to 
what extent can less costly bench-top metal lathes be used 
as viable alternatives to provide students with an under-
standing of the design and creation of manufactured items? 
and 2) what are the levels of acceptance by faculty and in-
dustrial personnel about the use of smaller lathes as viable 
alternatives to their industrial size cousins? A survey was 
developed in order to answer these research questions.  
 

The population for the faculty portion of this study con-
sisted of professional members of the Association of Tech-
nology Management and Applied Engineering (ATMAE). A 
total of 515 surveys were sent to all of the professional 
members. The population for the industry portion of the 
survey was an upper mid-western university technology 
department alumnus, and the survey instrument was sent to 
the entire population—a total of 435 individuals. Although 
sampling the entire populations of ATMAE and technology 
alumni from an upper mid-western university took a signifi-
cant amount of time, it was one way to eliminate the prob-
lems of sampling error. In addition, since response rates are 
often low, having the maximum sample size at the begin-
ning improved the researchers’ chances of receiving an ac-
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ceptable level of participation [20]. A branching or adaptive 
feature in the electronic survey allowed respondents to skip 
questions if they did not have the necessary background or 
experience to properly answer specific questions. 
 

The instrument also collected demographic information 
related to gender, employment history, and educational level 
achieved. Faculty and industry personnel perceptions con-
cerning the suitability of bench-top metal lathes were also 
collected and analyzed, including study participants’ 
knowledge of metal turning lathes and their prior experienc-
es.  
 

Validity and Reliability 
 
To ensure the content validity of the questionnaire, a rep-

resentative sample from the two populations (faculty and 
industry) were asked to look at the questionnaire and com-
ment on the clarity and content of the questions, written 
directions, cover letter, formatting, and layout. These re-
sponses were used to determine whether the survey instru-
ment was an appropriate length and was internally valid. 
The reliability of the three component sections of the Likert-
scale portion of the questionnaire was determined using 
Chronbach's alpha values. 
 

Data Collection and Preparation 
 
Data collection for the faculty and industry portion of the 

study involved a one-time response to a three-part (Faculty) 
and two-part (Industry) questionnaire that required approxi-
mately 15-20 minutes to complete. Questionnaires were first 
viewed to identify any inconsistencies or missing data. Re-
sponses with missing information are generally not consid-
ered valid for statistical analysis [21] and, consequently, 
those responses were not included in this study. Data prepa-
ration included data coding, data entry, and verification. To 
ensure that data had been entered correctly, every fifth ques-
tionnaire was checked for errors, once all of the data were 
entered. 

 
The specific questions analyzed and reported in this study 

focused largely on two groups: faculty and industry. Re-
sponses to statements from the two groups are listed and 
summarized here for reference purposes, but the analysis 
and discussion of the different responses are provided in the 
Summary of Findings section. 
 

(Faculty) Suitability  
 

Q1. The durability of bench-top lathes in educational 
environments is not an issue when curricular ad-
justments are made for smaller-stock materials. 

Q2. Bench-top lathes are suitable for turning materials 
when the materials selected are appropriately 
scaled to fit the size limitations of the lathe. 

Q3. Students’ ability to use knowledge about speeds 
and feeds to conduct laboratory operations on dif-
ferent material sizes is not adversely affected by 
the choice of lathes—bench-top or industrial. 

Q8. The lack of a brake on bench-top lathes does not 
pose a concern in educational settings. 

Q9. Substituting bench-top lathes for full size lathes 
would result in safer classroom environments. 

Q10. Bench-top metal lathes can be used to teach the 
same fundamental concepts of facing, turning, and 
drilling, as would larger, full size metal lathes. 

Q12. It would be appropriate to purchase two full size 
lathes at $2500.00 each, as opposed to 10 bench-
top lathes each costing $500.00. 

 

(Industry) Suitability 
 

Q2. Bench-top lathes are suitable for turning materials 
when the materials selected are appropriately 
scaled to fit the size limitations of the lathe. 

Q3. Students’ ability to use knowledge about speeds 
and feeds to conduct laboratory operations on dif-
ferent material sizes is not adversely affected by 
the choice of lathes—bench-top or industrial. 

Q4. Industrial technology graduates should have a basic 
understanding of machining processes. 

Q5. Students trained to use manual machine tools have 
a better foundation for learning about computer 
numerical controlled machine tools. 

Q6. Students who have hands-on experiences in ma-
chining are likely to be better employees than those 
who lack this first-hand experience. 

Q7. Technology programs should continue teaching 
machining concepts with a portion of the curricu-
lum offering a hands-on approach. 

Q10. Bench-top metal lathes can be used to teach the 
same fundamental concepts of facing, turning, and 
drilling, as would larger, full size metal lathes. 

Q11. It is essential for students to be trained on the same 
machine tools used in your company. 

 

Summary of Findings 

 

Data Analysis 
 
Analysis of the data for this study required the use of de-

scriptive statistics and Pearson correlation statistical tests. A 
multivariate analysis of variance was used to determine the 
differences between the criterion variables and de-
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mographics. Microsoft Excel and Statgraphics Centurion 
XVI for Windows were also used for statistical calculations. 

 

Data Interpretation 
 
The research questions in the study addressed the use of a 

less costly piece of manufacturing equipment to provide 
students with some understanding of what goes into the 
design and creation of manufactured items. Figures 1 and 2 
provide a graphical representation of data analyzed in this 
study from an industry and faculty perspective. One area of 
concern in conducting this study centered on the durability 
of the smaller, lighter, bench-top lathes as compared to the 
heavier industrial style lathes. Faculty who responded to the 
first question largely felt (67.6%) that if materials (the work 
piece) were adjusted to suit the size of the machines, that 
bench-top lathes would be durable enough to work in educa-
tional environments. Some faculty were unsure about the 
question of durability (20.2%), with 12.2% expressing con-
cern that it would be an issue in the use of bench-top metal 
lathes in educational settings. While many believe that 
bench-top lathes are less durable than their industrial coun-
terparts, it is possible that with proper routine maintenance 
such equipment may be adequate in a laboratory setting to 
teach machining processes. Therefore, any decision to adopt 
bench-top lathes will need to be carefully weighed against 
the additional maintenance that might be required when 
using these lathes. 

Figure 1. Faculty Survey Results 

 

Modifications to the Curriculum 
 
Research question one for faculty and question two for 

industry personnel explored whether they would be open to 
changing the curricula in traditional programs in order to 
accommodate the smaller sizes of bench-top metal lathes. 
The majority of individuals surveyed (90.6% of those from 
industry and 73% of faculty) believed course content can be 
adjusted to accommodate the smaller material sizes that are 

necessary when using bench-top lathes without presenting 
adversely affecting student learning. Furthermore, responses 
to statement three showed that 77% percent of faculty and 
77.9% of industry participants agreed or strongly agreed 
that if students were taught speeds and feeds in both theory 
and laboratory experiments, it would not matter whether 
students were performing the laboratory test on a 1” diame-
ter stainless steel bar or a 10” diameter bar of the same al-
loy. Though the response overall was in favor of using 
smaller material quantities, some faculty (16.3%), felt that 
teaching machining on a small-scale level would not be as 
effective as if students completed the task on large-diameter 
materials.  

Figure 2. Industry Survey Results 

 
Some faculty members placed more emphasis on teaching 

and less on research, or vice versa, and their response to 
survey items may be indicative of the differences in the 
teaching experiences of those who felt teaching machining 
on a small scale would be as effective versus those who felt 
it would not be as effective. However, the money saved by 
working with smaller quantities of materials is difficult to 
ignore. Given the cost of ferrous and non-ferrous metals, 
which fluctuates wildly, it is difficult to know whether ma-
terial costs are going to prove to be cost-prohibitive for 
many educational institutions, since they certainly represent 
a huge unknown cost to programs. Smaller quantities of 
materials can be stockpiled much easier than large quanti-
ties, and they do not require specialized equipment to move 
materials or stock into location where it can be processed by 
the machine. Further, when a student makes a mistake on a 
smaller quantity of material, the loss is not going to be as 
great compared to the same mistake being made on a larger, 
more costly piece. Some of the respondents, who felt that 
using smaller equipment would not be as effective, might 
have been thinking about the situation more from a research 
perspective, where having tools that hold high tolerances 
might be crucial to the work that an educational institution 
may be attempting to do. In those instances, bench-top ma-
chine tools, at least those at the lower end of the price range, 
would probably not prove to be suitable. 

——————————————————————————————————————————————–———— 

EVALUATING THE FEASIBILITY OF BENCH-TOP METAL LATHES FOR AN INTRODUCTORY MACHINING                                   57 
FUNDAMENTALS COURSE 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 58                           INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V6, N1, SPRING/SUMMER 2014 

as an operator could apply the brake on a conventional 
lathe. The brake on most lathes is simply a mechanical over-
ride that stops the spindle motion while the motor continues 
to run. Because the brake is mechanical, it is subject to the 
same wear and tear as the brake pads on an automobile, 
which, without routine maintenance, can become worn and 
ineffective.  
 

Faculty members in this study were not asked if they had 
concerns about design issues with the industrial lathe be-
cause it was expected that not all of the faculty members 
surveyed would have had experience with the specific lathes 
being used by the students for the study. However, despite 
their (faculty members’) beliefs that students might be less 
intimidated by the bench-top lathes, only 35.6% of the fac-
ulty members who responded to statement nine believed 
that substituting bench-top lathes for industrial lathes would 
make the classroom safer. This is a somewhat surprising 
response, but perhaps many faculty members do not believe 
that there is a correlation between a student’s level of com-
fort with lab equipment and its effect on lab safety. Close to 
half (45.2%) were unsure whether or not the substitution 
would impact safety, while 19.2% believed the substitution 
would not make the classroom safer.  
 

Faculty members’ and industry personnel acceptance of 
smaller lathes, as viable alternatives to their industrial size 
cousins, was also explored. The ability of the smaller bench-
top lathes to perform accurately, examined in an earlier 
study, suggests that bench-top metal lathes—when used 
within their size capabilities—produce work that is compa-
rable to that produced on full size engine lathes [22]. 
 

Suitability to Task 
 
Determining the extent to which bench-top lathes can be 

used as suitable replacements for industrial lathes was one 
of the goals of the study. Actual tolerance values achieved 
from the study referenced above demonstrated that the 
bench-top lathe was capable of producing work well within 
the .005” tolerance range of the test bushings used in the 
study. Once it was determined that bench-top metal lathes 
were capable of producing precision parts, it then became 
necessary to ascertain the extent to which industry person-
nel and faculty members would be accepting of the use of 
this equipment as a suitable replacement for traditional in-
dustrial lathes in education settings. The majority of individ-
uals surveyed— 86.5% of faculty members and 89.5% of 
industry personnel (statement 10, Figures 1 and 2)—agreed 
that bench-top metal lathes, when properly used in the cur-
riculum, would be capable of teaching the same fundamen-
tal concepts in metal turning (such as facing, turning, and 
drilling) when compared to larger industrial lathes.  

Suitability for Industrial Employees 
 
A majority (80.9%) of individuals in industry, who re-

sponded to statement four, replied in the affirmative to the 
statement: “It is important for employees in your company 
who are hired with degrees in industrial technology to have 
a basic understanding of machine processes.” An even larg-
er percentage (89.5%), who responded to statement five, 
believed that students who have been trained to use manual 
machine tools should have a better foundation for learning 
about computer numerical controlled (CNC) machine tools. 
This viewpoint is consistent with the findings of the UC 
Berkeley study, which found that manual processes are an 
important foundation for anyone learning about CNC opera-
tions [1]. 
 

Not surprisingly, considering the previously expressed 
views, 79.5% of those who responded to statement six from 
industry indicated that those with hands-on experience will 
be better employees for their companies, and 91.5% of par-
ticipants responding to statement seven from industry be-
lieved that technology programs need to continue teaching 
machining concepts with a portion of the curriculum offer-
ing a hands-on approach. While the two response percent-
ages (statement six) were relatively close, there is some 
question as to why there was an 11% difference concerning 
the needs for programs to continue teaching hands-on ele-
ments and the rift between whether employees that received 
hands-on training will prove more beneficial to a company’s 
needs. It could be that the 11% gap is coming from compa-
nies that are doing work that is outside the realm of the rest 
of the field. Perhaps these employers agree that, for the 
most part, hands-on curricula might be a good idea and that 
it may work for a wide range of careers; however, they do 
not necessarily see benefits in their specific company or 
area within a company. For example, some who completed 
the survey may work in areas where management is over-
seeing activities that do not involve machining. 

 

Safety Concerns 
 
There were some differences in how participants viewed 

the issue of safety with regards to the substitution of bench-
top lathes for industrial lathes in educational settings. Facul-
ty members who responded to statement eight had divided 
opinions concerning the impact of a lack of certain safety 
features on bench-top lathes and what this may mean for 
their suitability in educational settings: 46.6% viewed the 
lack of a brake as a concern, while only 13.6% did not feel 
it was; the remaining 39.8% were unsure if this was an is-
sue. In some ways, this statement might be misleading, as 
the bench-top lathes used in another study [22] had a paddle 
switch that would cut power to the entire system as quickly 
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In related responses to survey statement 11, “It is essen-
tial for students who might be future employees of your 
company to be trained on the same machine tools used in 
your company,” 74.4% of the respondents in industry 
agreed with the statement. Clearly, employers would prefer 
that their employees have experience with equipment that 
exists in the work environment. However, this may not al-
ways be possible in educational settings, due to many con-
straints, one of which may be related to procurement and 
maintenance costs of industrial equipment. If it is deter-
mined that an understanding of manufacturing processes is 
essential, which it is for some technology or industrial tech-
nology programs, then bench-top lathes may be a viable 
alternative for such programs attempting to reduce cost ex-
penditures.  
 

Decision to Purchase Bench-top or  
Industrial 

 
When asked the question about whether an institution 

should purchase ten bench-top metal lathes or two industrial 
lathes (statement 12, Figure 1), 39.2% of the faculty mem-
bers favored the purchase of ten bench-top lathes rather than 
two industrial lathes. Thirty-seven percent of the faculty 
members responded that an institution would fare better 
purchasing two industrial lathes, and about 23% were un-
sure what the best course of action would be. It is probably 
not too surprising that respondents differed in their views 
concerning how funds should be allocated for equipment. 
While the results of the machined items produced similar 
results, thereby suggesting that bench-top lathes are a viable 
alternative, other factors besides costs might warrant some 
consideration. Programs sometimes have existing equip-
ment that is either in a state of neglect or simply outdated. 
Existing equipment should be assessed for its capability to 
teach key constructs in the curriculum. Additionally, the 
number of students a program is attempting to serve, size of 
the existing facility and its physical structure (some build-
ings are not strong enough to take the weight load of large 
equipment), electrical service considerations, ventilation 
systems, and type of work that the program wishes to pro-
duce, including available resources, poses unique challenges 
to program areas. Any of these factors can influence and 
impact decisions that an institution may make concerning 
the adoption of bench-top machine tools because there is no 
one-size-fits-all solution.  
 

Equipment clearly matters in secondary and post-
secondary environments where it is necessary for students 
to gain some understanding about the fundamentals of man-
ufacturing processes, including how to use selected tools 
such as mills, lathes, and CNC machines to produce a de-
sired item. Where this is the case, the focus should then be 

on ensuring that students are taught the essentials. It is al-
ways tempting to chase after new equipment; however, con-
sideration has to be given to the degree to which current 
tools can adequately accomplish a desired task. Tools are 
only as good as the individuals using them and educators 
should not be lulled into thinking that tools are an adequate 
substitute for poor teaching. Competent educators, who fo-
cus on teaching and learning, should not only be able to 
help students understand the relevant theories shared in the 
classroom, they should also work to ensure that students are 
able to demonstrate proficiency in applying the theories to 
solve a variety of problems using selected tools. Ultimately, 
what is important is that students acquire the necessary 
knowledge and skills that will enable them to demonstrate 
in tangible ways what they know, understand, and can do as 
a result of what was shared with them in the classroom. 
 

Conclusion 
 

Any decision to identify equipment alternatives has to 
take many factors into consideration and should be ap-
proached with careful consideration of how selected equip-
ment will accomplish the desired effect—improving teach-
ing and learning. This study demonstrated, based upon an 
analysis of pilot study data, that bench-top lathes can be 
considered viable alternatives to their industrial-sized cous-
ins. Similarly, an analysis of the responses from faculty 
members and industry personnel suggests that bench-top 
lathes are a viable alternative to larger industrial lathes. 
Bench-top lathes, because of their size, have limitations 
such as reduced capacity and less rigidity, thereby restrict-
ing the size of materials that can be produced by these 
lathes. However, because of material costs, it may be more 
appropriate for students to work on smaller projects in edu-
cational settings. 
 

Finding ways to continue educating students using effec-
tive pedagogical practices and preparing them for various 
field of work may require some creative thinking in a time 
of fiscal constraints. Vocational programs need to be cost 
effective if they are to survive. However, cutting costs at the 
expense of the quality of programs—this includes a focus 
on teaching and learning as much as it includes equip-
ment—does not seem to be an acceptable solution. The re-
sults of this study, based on an analysis of the machined 
parts, suggest that using bench-top lathes in educational 
settings may provide a more cost-effective alternative to 
industrial lathes without impacting the quality of programs. 
And, according to participants in this study, using bench-top 
lathes also seems to be a viable option that will still allow 
programs to provide the necessary experiential learning. 
 

——————————————————————————————————————————————–———— 

EVALUATING THE FEASIBILITY OF BENCH-TOP METAL LATHES FOR AN INTRODUCTORY MACHINING                                   59 
FUNDAMENTALS COURSE 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 60                           INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V6, N1, SPRING/SUMMER 2014 

References 
 
[1] Martin, L. M., & Beach, K. (1992). Technical and 

symbolic knowledge in CNC machining: A study of 

technical workers of different backgrounds. Universi-
ty of California, Berkeley: National Center for Re-
search in Vocational Education. 

[2] Bernard, R. (2007, March). Workforce development 
for manufacturing. Techniques: connecting education 

&careers, 82(3), 22-24Products: http://
www.sherline.com/faq.htm 

[3] Bennett, C. A. (1926). History of manual and indus-

trial education up to 1870. Peoria, IL: Chas. A. Ben-
nett Co.  

[4] Lee, E. A. (1938). Objectives and problems of voca-

tional education (2nd ed.). New York: McGraw-Hill.  
[5] Barlow, M. L. (1967). History of industrial education 

in the United States. Peoria, IL: Chas. A. Bennett Co. 
[6] Williams, R. L. (1991). The origins of federal sup-

port for higher education: George W. Atherton and 

the land grant college movement. University Park, 
PA: Pennsylvania State University Press. 

[7] Weyand, L. D. (1925, May, 1925). What is industrial 
education? The American Journal of Sociology, 30

(6), 652-664. 
[8] Carnevale, D. (2003, May 16). Colleges in Washing-

ton state face cuts in technology. Chronicle of Higher 

Education, 49(36), A36. 
[9] Rogers, G. E. (2000). The effectiveness of different 

instructional laboratories in addressing the objectives 
of the Nebraska industrial technology education 
framework. Journal of Industrial Teacher Education, 

37(4), 39-50.  
[10] Pullias, D. (1997). The future is... beyond modular. 

The Technology Teacher, 56(7), 28-29. 
[11] Virtual Machine Shop. (n.d.). Retrieved August 

2011, from http://www.kanabco.com/vms/index.html 
[12] Smith, R. (2007). Virtual machine shop. Retrieved 

August 8, 2007, from www.jjjtrain.com/vms/
index.html 

[13] Bugeja, M. (2007, September 14). Second thoughts 
about Second Life. Retrieved June 21, 2008, from 
http://chronicle.com/jobs/
news/2007/09/2007091401c.htm 

[14] Volk, K. S. (1993, Spring). Enrollment trends in in-
dustrial arts/technology teacher education from 1970-
1990. 

[15] Rogers, G. (1998). Concerns about technology edu-
cation laboratories. Journal of Industrial Teacher 

Education, 35(3), 97-100. 
[16] Rogers, G. E. (1996). The untapped resource. Journal 

of Vocational Education, 71(1), 43.  
[17] Thomas, R. (2008). Range revival also revives voca-

tional/tech education. Retrieved March 8, 2008, from 
http://www.businessnorth.com/ aroundtheregion.asp?
RID=2363 

[18] Klein, S., Hoachlander, G., Beltrenena, R., & Beal, 
T. (2000). Funding vocational education in Ohio: 
Results of a national survey of state practices. Re-
trieved March 5, 2008, from http://www.mprinc.com/
products/ pdf/
funding_vocational_education_in_ohio.pdf  

[19] Carter, R. W., & Hayes, P. J. (1995). Laboratory lia-
bilities. Tech Directions, 54(9), 56. 

[20] Dey, E. L. (1997). Working with low survey response 
rates: The efficacy of weighting adjustments. Re-

search in Higher Education, 215-227. 
[21] Mertler, C. A., & Vannatta, R. A. (2002). Advanced 

and multivariate statistical methods (2nd ed). Los 
Angelos: Pyrczak. 

[22] Johnson, A., & Yearwood, D. (2012). Bench-top and 
industrial metal lathes: Differences and Similarities. 
Technology Interface International Journal, 12(2), 
49-58. 

 

Biographies 
 

DAVID YEARWOOD is Professor in the Department of 
Technology at the University of North Dakota. Dave earned 
his BS from Bemidji State University, his M.S. degree from 
the University of North Dakota (Industrial Technology, 
1994), and a Ph.D. (Teaching & Learning, 1999) from the 
University of North Dakota. Dr. Yearwood has two research 
interests: 1. Electronic Pedagogy—the purposeful use of 
technological tools in education; and 2. Control or Semi-
Automatic Systems for use in commercial and/or consumer 
settings. Dr. Yearwood is currently teaching at the Universi-
ty of North Dakota and may be reached at year-
wood@und.edu  
  

ALEX JOHNSON is an Assistant Professor in the De-
partment of Technology at the University of North Dakota. 
He earned his BS from the University of North Dakota, his 
M.S. degree from the University of North Dakota (Industrial 
Technology, 2001), and a Ph.D. (Teaching & Learning, 
2010) from the University of North Dakota. Dr. Johnson’s 
research interests are in engineering and technology educa-
tion, manufacturing processes and small wind turbine tech-
nology. Dr. Johnson may be reached at ajohn-
son@business.und.edu  
 
  
 
 
 
 



INSTRUCTIONS FOR AUTHORS: 

MANUSCRIPT REQUIREMENTS 
The INTERNATIONAL JOURNAL OF ENGINEERING 

RESEARCH AND INNOVATION is an online/print publi-
cation, designed for Engineering, Engineering Technology, 
and Industrial Technology professionals. All submissions to 
this journal, submission of manuscripts, peer-reviews of 
submitted documents, requested editing changes, notifica-
tion of acceptance or rejection, and final publication of ac-
cepted manuscripts will be handled electronically. The only 
exception is the submission of separate high-quality image 
files that are too large to send electronically. 
 

All manuscript submissions must be prepared in Mi-
crosoft Word (.doc or .docx) and contain all figures, images 
and/or pictures embedded where you want them and appro-
priately captioned. Also, for all accepted manuscripts, each 
figure, image or picture that was imported into your Word 
document must be saved individually as a 300dpi or higher 

JPEG (.jpg) file and submitted separately; your manuscript 
and figure numbers must be used in the title of the file (e.g., 
J13-F-18 Figure 4); that means one additional file for each 
image imported into your manuscript. These 300dpi images 
do NOT need to be embedded in your manuscript. For ta-
bles or graphs created directly in Word, you do not need to 
submit them as separate files. 
 

Included below is a summary of the formatting instruc-
tions. You should, however, review the sample Word docu-
ment on our website (www.ijeri.org/formatting_guidelines) 
for details on how to correctly format your manuscript. The 
editorial staff reserves the right to edit and reformat any 
submitted document in order to meet publication standards 
of the journal. 
 

The references included in the References section of 
your manuscript must follow APA-formatting guidelines. In 
order to help you, the sample Word document also includes 
numerous examples of how to format a variety of scenarios. 
Keep in mind that an incorrectly formatted manuscript will 
be returned to you, a delay that may cause it (if accepted) to 
be moved to a subsequent issue of the journal. 
 
1. Word Document Page Setup:  Two columns with ¼” 

spacing between columns; Top of page = ¾"; Bottom 
of page = 1" (from the top of the footer to bottom of 
page); Left margin = ¾"; Right margin = ¾". 

 
2. Paper Title:  Centered at the top of the first page 

with a 22-point Times New Roman (Bold), Small-Caps 
font. 

3. Page Breaks:  Do not use page breaks. 
 
4. Body Fonts:  Use 10-point Times New Roman (TNR) 

for body text throughout (1/8” paragraph indention); 9
-point TNR for author names/affiliations under the 
paper title; 16-point TNR for major section titles; 14-
point TNR for minor section titles; 9-point TNR 
BOLD for caption titles for tables and figures; other 
font sizes as noted in the sample document. 

 
5. In-text Referencing:  List and number each reference 

when referring to them in the body of your document 
(e.g., [1]). The first entry must be [1] followed by [2], 
[3], etc., continuing in numerical order to the final 
entry in your References section. Again, see the sam-
ple Word document for specifics. Do not use the End-
Page Reference utility in Microsoft Word. You must 
manually place references in the body of the text. 

 
6. Tables and Figures:  Center all tables and figures. 

Captions for tables must be above the table, while cap-
tions for figures are below; all captions are left-
justified.  

 
7. Page Limit:  Manuscripts should not be more than 15 

pages (single-spaced, 2-column format). 
 
8. Page Numbering:  Do not use page numbers.  
 
9. Publication Charges:  Manuscripts accepted for pub-

lication are subject to mandatory publication charges. 
 
10. Copyright Agreement:  A Copyright Transfer Form 

must be signed and submitted by all authors on a given 
paper before that paper will be published. 

 
11. Submissions:  All manuscripts and associated files 

must be submitted electronically. 
 
 MANUSCRIPTS should be submitted to Dr. Philip 

D. Weinsier, manuscript editor, at philipw@bgsu.edu 
along with a copy to editor@ijeri.org. 

 
 FILES containing your high-quality images should 

ONLY be submitted to philipw@bgsu.edu. 

——————————————————————————————————————————————–———— 

INSTRUCTIONS FOR AUTHORS:  MANUSCRIPT REQUIREMENTS                                                                                                   61 



 

 

 

 

 

INTERNATIONAL JOURNAL OF 
MODERN ENGINEERING 

THE LEADING JOURNAL OF ENGINEERING, APPLIED SCIENCE, AND TECHNOLOGY  

 Mark Rajai, Ph.D. 

Editor-in-Chief 

California State University-Northridge 

College of Engineering and Computer Science 

Room: JD 4510 

Northridge, CA 91330 

Office: (818) 677-5003 

Email: mrajai@csun.edu 

Contact us: 

www.iajc.org www.ijme.us 

www.tiij.org 

 
www.ijeri.org  

 

Print ISSN: 2157-8052 

Online ISSN: 1930-6628 

 TO JOIN THE REVIEW BOARD: 

• The International Journal of Engineering Research and 
Innovation (IJERI) 
For more information visit www.ijeri.org 

 

• The Technology Interface International Journal (TIIJ). 
For more information visit www.tiij.org 

 

 OTHER IAJC JOURNALS: 
 

• Manuscripts should be sent electronically to 
the manuscript editor, Dr. Philip Weinsier, 
at philipw@bgsu.edu. 

 
For submission guidelines visit 
www.ijme.us/submissions  
 

 IJME SUBMISSIONS: 

• Contact the chair of the International 
Review Board, Dr. Philip Weinsier, at 
philipw@bgsu.edu. 
 
For more information visit 
www.ijme.us/ijme_editorial.htm 

• IJME was established in 2000 and is the first and 
official flagship journal of the International 
Association of Journal and Conferences (IAJC). 
 

• IJME is a high-quality, independent journal steered by 
a distinguished board of directors and supported by an 
international review board representing many well-
known universities, colleges and corporations in the 
U.S. and abroad. 

 

•  IJME has an impact factor of 3.00, placing it among 
the top 100 engineering journals worldwide, and is the 
#1 visited engineering journal website (according to 
the National Science Digital Library). 

 ABOUT IJME: 

INDEXING ORGANIZATIONS: 
 

  

• IJME is currently indexed by 22 agencies. 
For a complete listing, please visit us at 
www.ijme.us.  

 



SPRING/SUMMER 2009 

VOLUME 1, NUMBER 1 

IJERI Contact Information 

General questions or inquiry about sponsorship of the journal should be directed to: 

 

Mark Rajai, Ph.D. 

Founding and Editor-In-Chief 

Office: (818) 677-5003 

Email: editor@ijeri.org 

Department of Manufacturing Systems Engineering & Management 

California State University-Northridge 

18111 Nordhoff St. 

Room: JD3317 

Northridge, CA 91330 

The International Journal of Engineer-

ing Research & Innovation (IJERI) is 

the second official journal of the Inter-

national Association of Journals and 

Conferences (IAJC). IJERI is a highly-

selective, peer-reviewed print journal 

which publishes top-level work from all 

areas of engineering research, innova-

tion and entrepreneurship.  

IJERI 




