
Student's Full Name 
Katherine Goodman 
 
Student's Home Department 
ATLAS Institute 
 
Student's Email Address 
katherine.goodman@colorado.edu 
 
Adviser's Full Name 
Jean Hertzberg 
 
Payroll Liaison's Full Name 
Vickie Stubbs 
 
Payroll Liaison's Email Address 
Vickie.stubbs@colorado.edu 
 
Payroll Liaison's Phone Number 
 (303) 735-6153 
 
I'm applying for funding for: 
Summer 2014 
Fall 2014 
Spring 2015 
 
By submitting this application, I confirm that, if selected to receive a Chancellor’s Award for 
Excellence in STEM Education, I will: 

! Attend and be recognized at the annual Symposium on STEM Education (fall 2014). 
! Give a brief introduction (~10-15 min) to my project at DBER in fall 2014. 
! Actively engage in the CU-Boulder STEM education community by attending Chancellor’s Fellow 

events. 
! Present my work to the STEM education community by giving at least one DBER seminar, OR, if 

that is an impossibility, I will give a talk that the CU-Boulder STEM education community is invited 
to attend. 

! Submit a 1000 to 3000-word report detailing the outcomes of the project at the end of the funding 
period. 

 



!"#$"#%&'()&)**)#'"+,&),)-)#'*.&!,/0&1"*2+,"3+'"/#&!
Submitted by Katherine Goodman, PhD student in the ATLAS Institute, College of Engineering 

Faculty Research Advisor:  Dr. Jean Hertzberg, Associate Professor, Mechanical Engineering 

!"#$%&'(#)%"*+

Since 2003, the University of 

Colorado at Boulder has offered 

Flow Visualization, a course cross-

listed as a mechanical engineering 

elective and a studio fine arts course. 

This innovative course, developed 

and taught by Professor Jean 

Hertzberg, brings together mixed 

teams of engineering and fine arts 

photography or film students. It 

focuses on the production of 

aesthetically pleasing and scientifically useful images of fluid flows. Students (and colleagues) 

 

Students in Flow Vis emerge believing that fluid mechanics is more important to themselves as 

engineers and to society, that is, they have a positive shift in affect. In contrast, Fluid Mechanics, 

also taught by Professor Hertzberg, is a traditional engineering core course, with a highly 

analytic, mathematical approach. The equations that govern fluid flow are derived, and students 

practice solving quantitative problems that have a realistic engineering context. However, there 

are no such enthusiastic comments on the exit surveys from Fluid Mechanics, and attitude 

surveys reveal a negative shift in affect, which is typical of other technical courses. In short, 

evidence supports a positive attitude shift toward fluids after Flow Vis, but not after Fluid 

Mechanics. This is not only a problem for Fluid Mechanics or even just for engineering courses. 

Image by Kerylyn Lay; Cirrus with Kelvin-Helmholtz waves, 
Friday, March 30, 2012, at roughly 12:00pm, Moab, UT. 
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This negative shift in affect is present in many STEM courses, both at CU and other Universities 

(1)(2). 
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Research Question: What aspects of Flow Visualization facilitate the positive shift in affect? How 
can these aspects be replicated in other courses? 

This research aims to understand the causes of the positive attitude shift in Flow Vis more 

clearly, with the ultimate goal of creating a model that can be applied to other engineering and 

science topics. Throughout this investigation of Flow Vis, I will inquire along four avenues as 

the possible source(s) of the positive shift in affect:  

 the cultural environment of the class 

 the pedagogical techniques employed in the course 

 the emphasis on aesthetics 
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Student affect toward engineering is believed to play a significant role in recruitment and 

retention. Technical courses in math and science typically cause a negative shift in affect (2 6); 

students emerge from a course thinking it less useful and important than when they began it, and 

this effect is largely immune to varying pedagogy. This is why the consistent results showing a 

positive shift in affect for Flow Vis students merit investigation.  These attitude shifts were 

measured using the Fluids Perception Survey (FLUPERS) (7).    

The relationship between educational outcomes and affect and motivation has been extensively 

studied in the past two decades, although much remains unknown. Qong et al. (8) provide an 

extensive review of student characteristics, including both extrinsic (e.g. gender) and intrinsic 

(e.g. self-efficacy) factors that affect enrollment and retention in engineering, but visual expertise 

and aesthetics have not been considered, and few if any of the studies have included the unusual 

mix of students present in Flow Vis. 
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For example, the literature of aesthetics in engineering education falls into two categories: 

aesthetics related to industrial and structural design (9 13), and to digital technology such as 

websites and games (14 19). In the education of other types of college students such as teacher 

candidates and mathematicians, aesthetics is seen as a pedagogical tool to some extent (20 24). 

Simply put, the intersection of these fields with other areas of engineering and physics education 

has received little attention to date. 

In contrast, there is a rich literature regarding the visual perception of art, fueled by recent 

advances in biology, psychology and neuroscience (25 29).  Most of these texts use paintings or 

status as an accepted art medium, although Frankel makes an effective plea for more aesthetic 

photography in scientific literature(30). There is also rich literature in the more utilitarian aspects 

information (31 33). There is significant research on visual representations of information, and 

how students use these representations in learning which is geared towards understanding and 

improving cognitive gains (34 37). Flow Vis students create image that are both aesthetically 

pleasing and useful for understanding the physics concepts, while engaged in a classroom 

dialogue that explicitly asks when such blends of art and science are appropriate for scientific 

uses. (See course syllabus: www.colorado.edu/MCEN/flowvis/course/syllabus.pdf) 

Perhaps more importantly, Flow Vis incorporates a number of pedagogical techniques novel in 

engineering. While the art and film students are conversant  in classes that emphasize aesthetics 

and creativity and include peer critique and public display of their work, these aspects are 

unfamiliar to the engineering students. Despite aesthetics, creativity, peer critique, and public 

display of work all having clear roles in engineering practice, these aspects of engineering are 

not explicitly included in current, typical pedagogical practices."
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Flow Visualization brings together engineering and fine arts photography or film students to 

produce aesthetically pleasing and scientifically useful images of fluid flows. This includes both 

undergraduates (typically juniors or seniors) and graduate students. The engineering majors use 

the course as a technical elective, while the arts or films majors typically use the course to fulfill 



!"
"

part of a studio requirement. There are roughly 50 students in the class, which has been offered 

nearly every spring semester since 2003.  

Early in the semester, Professor Hertzberg covers topics such as using the camera and fluid 

mechanics basics. Later class sessions focus on students presenting work and receiving feedback. 

There are six projects over the course of 

the semester that can be still 

photographs or short videos. For the 

first assignment, students work 

independently, partly to demonstrate the 

challenge of controlling a flow while 

documenting it visually. Students also 

independently photograph cloud 

formations throughout the semester for 

two assignments. Students are assigned 

to teams of four or five using CATME 

(http://catme.org/) to distribute 

resources and expertise for the 

remaining three assignments. For each 

of these team assignments, students are responsible for creative control of one image/video, 

while assisting their teammates. Aside from the cloud images, the only specification for image 

content is that it must document fluid mechanics. Human figures are allowed, but fluids must be 

. 

The images or videos are presented during class. Hertzberg and the other students comment on 

the image, offering critiques. To encourage honest feedback and to ensure all students 

participate, students may use their laptops to anonymously offer comments. 

Each project is accompanied by a short written explanation. In one to four pages, students 

provide the context for their image such that someone else could re-create it. The write-up 

includes apparatus, materials, and photographic techniques used, phenomenon demonstrated, and 

forces at work in the image. Art students are expected to write generally about the forces 

involved, while engineering students are expected to estimate the appropriate non-dimensional 

Image by: Trevor Beatty; Food dye exhibits the Rayleigh 
Taylor instability, forming toroidal vortex rings in a 
mirrored image. 

"

http://catme.org/
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properties, such as the Reynolds number, as well as the time required and spatial resolution 

based on flow speed and field of view. All students are expected to cite any references, and 

graduate engineering students are expected to find technical, refereed literature for their 

references, and write at a professionally publishable level. 

The course culminates in a show in the Engineering Center Lobby. Students are encouraged to 

submit their work to various competitions, and their work is displayed on the course website 

(www.colorado.edu/MCEN/flowvis/).  
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In order to gauge student affect in the Flow Vis course, the Fluids Perception Survey (FLUPER 

Survey) was developed in Fall 2008. The survey design uses an item response modeling 

approach(38), often used in the education research community to quantitatively 

responses that people make to express their achievements, attitudes, or personal points of view 

through instruments such as attitude scales, achievement tests, questionnaires, surveys and 

psychological scales. (3) 

and defined a continuum on 

and refined over 

several semesters. Validation results were published in 2012(7). The survey offers statements 

such as 

as an engin  on a five point scale of agreement. 

As a control during this work, students from the Fluid Mechanics course, as well as an elective, 

Sustainable Energy, were also surveyed. One interesting result is that there was no negative shift 

in affect associated with Sustainable Energy, which like Flow Vis, is an elective. However, the 

shift did not prove to be statistically significant in this course, unlike the results for Flow Vis. 

We believe that, because students select electives, they are more inclined to like or appreciate the 

topics. We term this the elective effect.  

  

http://www.colorado.edu/MCEN/flowvis/
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Currently, Professor Hertzberg administers the FLUPER survey at the beginning and the end of 

each semester for Flow Visualization as well as Fluid Mechanics. I will continue to gather and 

analyze these data. 

In addition, this research begins three new methods of investigation. First, interviews will be 

conducted with students from both Flow Vis and the Fluid Mechanics course (also taught by 

Professor Hertzberg), both at the beginning and at the end of the semester. These interviews are 

conversational in tone, and ask open-

course, their experiences both in the course and with other students. The coding scheme will be 

emergent, and much of what will be learned via the interviews will come through comparing 

early-semester and end-of-semester interviews with the same participants. As noted in the 

introduction, the culture of the classroom and the pedagogical techniques are of interest as 

possible influences of the positive shift in affect. We believe these interviews will reveal what 

aspects we should investigate further. 

en work will be analyzed, to track their improvement during 

the semester. Their progress through the six assignments may reveal how visual expertise or 

aesthetic sense is developing over time. 

Third, this research will also test the hypothesis that the students increase their visual expertise 

while in Flow Vis, and that this visual expertise, namely seeing fluid phenomena in everyday 

life, is part of what improves their positive affect during the course. Using an experiment design 

common in experimental psychology, this research builds on the work of Professor Tim Curran 

(39) of the CU Psychology Department. While existing research has measured visual expertise in 

identifying species of birds or dogs (40), cars (41) or human faces (42), this study requires the 

identification of abstract concepts. this research will start 

by establishing what is meant by visual expertise of fluid phenomena. The first experiment will 

have two groups of subjects (non-engineering students). One group will learn the difference 

between laminar and turbulent by doing a sorting task with a series of Kármán vortex street 

images. The subjects in this group will not be given instruction, but will only learn through trial 

and error, also called error-driven learning. The other group will be given exposure to the same 
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number of images during an instruction video. Both groups will be given a sorting task at the end 

to determine which group gained the greater expertise.  Several iterations of the visual expertise 

experiment may be necessary to establish a baseline for visual expertise, from which we can 

continue to develop and refine what helps people acquire that expertise and explore the 

connection between visual expertise and a positive shift in affect among students. 
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During this research project, I look forward to developing a constructive working relationship 

with Professor Hertzberg. In the short since I joined her project (November 2013), we have made 

a strong beginning. She values my existing expertise, and I am learning about research design, 

among other things, from her. Due to our collaboration with other departments, I foresee 

working with Professor Tim Curran in Psychology, as well as Professor Noah Finkelstein in 

Physics. 

There is also an opportunity for my mentorship of another student. Brisa Garcia Gonzalez is a 

mechanical engineering major already assisted with data collect for this project. I anticipate that 

we will work closely together. 
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Ongoing: Collection of FLUPER surveys, collection of student work; interviews with students. 

(IRB approval has already been obtained for this work) 
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Personal Outcomes: As a graduate student, I will be laying the foundation for my dissertation 

work through this project. My current research direction requires that I learn about student 

outcomes and affect, both from the perspective of specific courses and looking at their 

experience in their majors overall. I hope to use the work outlined here for the classroom 

perspective.  

Department and College Outcomes: The immediate benefit to the Mechanical Engineering 

Department and to the College of Engineering is a set of tools with which to gauge the impact of 

technical electives. Eventually, we foresee the development of a model for additional courses, 

which, like Flow Visualization, 

experiences by 2020(43).  

Other Departments and the CU Community:  Our study of visual expertise as related to abstract 

concepts may further the work currently being done in the psychology department. In addition, 

instructors in other fields, such as physics, which rely heavily on abstract concepts, often 

explained through analogy, may find the tools developed from Flow Vis to be readily adapted for 

their uses. We will make every effort to share our findings across campus. 

Specifically, we see the development of interdisciplinary courses like Flow Vis as aligning with 

the 5th Flagship Initiative from the 2030 Strategic Plan for CU: transcending traditional 
academic boundaries. The model we hope to develop will assist us in locating other 

opportunities to provide cross-disciplinary opportunities in the future. 
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Massive Open Online Courses (MOOCs) 
Recent Coursework: Current Topics in Comp Science: Big Data; Education Seminar in Human Learning; 
Advanced Special Topics: Xbox Game Design; Teach & Learn Physics; Computational Cognitive 
Neuroscience  
 
Master of Professional Writing, University of Southern California, Los Angeles CA; May 2002 
Emphasis: Fiction, (GPA: 3.9/4.0) 
Thesis: The Master Key and Other Stories 
Honors: Phi Kappa Phi Award for Selected Poems, 2002 
 
Bachelor of Science, Valparaiso University, Valparaiso IN; May 1997 
Majors: Mathematics; Languages and Literature , (GPA 3.9/4.0)  

The 
Brothers Karamazov  
 
Research Experience:  

Research Assistant, University of Colorado; Boulder, CO    Present 
 Member of engineering education research team 
   
Research Assistant, Los Alamos National Laboratory; Los Alamos, NM; Jan -Aug 96   

Member of linguistics research team responsible for: 
Writing procedures & revising grant proposals 
Manipulating audio data  
Demonstrating work to National Science Foundation & Department of Energy officials 

 
Independent Mathematics Researcher, Valparaiso University, Valparaiso, IN; May-Aug 95  

Awarded grant from Council for Undergraduate Research 
Discovered & proved original theorems in Graph Theory  

 
Teaching Experience:  

Adjunct Faculty, Community College of Aurora, Aurora, CO; 2009-12 
Taught Composition I and II to students widely diverse in age, background, and native language 
Consistently received higher than average student evaluation feedback 

 
Private Tutor, various locations, dates 
 One-on-one sessions with students, ranging in ages from seven to nineteen 

Subjects tutored include mathematics (arithmetic, Algebra, Geometry, Algebra II, Calculus),  
English, writing, writing to ESL students 
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Assistant Lecturer, University of Southern California, Los Angeles, CA; 2000-02 
Taught from program curriculum to college freshman as an instructor of record 
Created & implemented original lessons & assignments, coordinated with a social issues course 
 

Undergraduate Teaching Assistant, Valparaiso University 
For Math Dept: ran Calculus I computer lab & assisted group work in a problem-solving course 
For Humanities course: Led weekly discussion of interdisciplinary texts & graded weekly writing  

  assignments 
 

 
Other Professional Experience: 

Contract Technical & Procedural Writer, Various companies  
Worked onsite for clients including American Honda Motor Corporation, the Society of  

 and the Los Angeles Community College District 
Wrote a wide range of materials: computer-based training storyboards, online helps, customized  
manuals, customer correspondence, and specifications for internal workflow software  

 
Project Manager & Curriculum Designer, SoftWorks Corporate Training, Long Beach, CA; 

1999-2000 
Managed multiple instructor-led training projects 
Customized courseware, including manuals, quick reference guides, & skills assessments  
Developed original storyboards & scripts for Computer Based Training (CBTs) 

 
Technical Writer, J. D. Edwards World Source Company, Denver, CO; Oct 97 - Mar 99. 

Member of software development team who documented OneWorld installation & upgrade 
procedures for AS/400, Windows NT, & UNIX systems  (800+ pages of material) 
Managed content from programmers to writers 
Trained new writers 
Assisted in software testing 

 
Academic Publications: 
Goodman, Katherine and Bennett, Jo Using the Emergent 

 
 

th Annual 
National Conference for Undergraduate Research Proceedings, Spring 1996. 

 
Some work completed under the Katherine (or Kate) Dueringer. 

 

 



Student's Full Name 
Katherine Goodman 
 
Adviser's Full Name 
Jean Hertzberg 
 
Adviser's Home Department 
Mechanical Engineering 
 
Adviser's Email Address 
hertzberg@colorado.edu 
 
By submitting this application, I confirm that, if my advisee is selected to receive a Chancellor’s 
Award for Excellence in STEM Education, I will: 

! Attain a GRA salary match (25% during the academic year, and 50% during the summer) from my 
own funding sources or from my department. 

! Attend the annual Symposium on STEM Education (fall 2014). 
! Actively engage in the CU-Boulder STEM education community by attending the weekly DBER 

Seminar Series when possible. 

 



!"#$%#&'()*#+,'--."/0(12#"$(3."(45,'--'+,'(
6+(7849(4$%,#&6.+(
1$:60."(7&#&';'+&(.3(7%<<."&(
7&%$'+&=(>#&*'"6+'(1++(!..$;#+(
1$:60."=(?'#+(@'"&AB'"C((
9',*#+6,#-(4+C6+''"6+C(
@'"&AB'"CD,.-."#$.E'$%(
!

9'+&."6+C(F'0,"6<&6.+(
"!#$!%&#''(')!*'!+,(')!-&,.(+&,!('!/*01(')!/(23!4#2,!5**6$#'7!-*0!8,9,0#&!0,#8*'8:!;<!=3,!(8!#!
'*'20#6(2(*'#&!82>6,'27!#'6!?*$,8!('!/(23!#!/*'6,0->&&@!6(9,08,!+#?1)0*>'6!#'6!#!$#2>0,!%,08%,?2(9,A!!
B<!4#2,!(8!('!23,!CDEC=!F3G!%0*)0#$A!D3(8!(8!#!0,&#2(9,&@!',/!('2,06(8?(%&('#0@!%0*)0#$7!#'6!8('?,!CDEC=!
3#8!#!+0#'6!',/!6(0,?2*07!"!,.%,?2!23#2!8*$,!#8%,?28!*-!23,!F3G!%0*)0#$!$#@!?3#'),A!H<!4#2,!+,)#'!
/*01(')!/(23!$,!('!I*9,$+,07!#-2,0!83,!3#6!('9,82,6!?&*8,!2*!#!@,#0!6,-('(')!#!23,8(8!6(0,?2(*'!/(23!
J*3'!K,'',22!#8!3,0!#69(8*0A!=3,!(8!82(&&!('2,0,82,6!('!%>08>(')!23#2!6(0,?2(*'7!+>2!(8!#&8*!?*$$(22,6!2*!
23,!L&*/!M(8>#&(N#2(*'!%0*O,?2!#'6!/,!%,0(*6(?#&&@!6(8?>88!3*/!23,!2/*!6(0,?2(*'8!#0,!0,&#2,67!3*/!2*!
+,82!8@'23,8(N,!23,!/*01!83,!(8!6*(')!*'!$>&2(%&,!-0*'287!#'6!3*/!2*!$#'#),!2($,!#'6!,--*02A!"P$!3#%%@!
2*!0,%*02!23#2!/,!#0,!$#1(')!)**6!%0*)0,88A!4#2,!(8!3()3&@!$*2(9#2,6!2*!?*$%&,2,!3,0!6,)0,,!('!#!2($,&@!
-#83(*'Q!+#8,6!*'!3,0!%0*6>?2(9(2@!8*!-#0!"!#$!?*'-(6,'2!23#2!83,!/(&&!6*!8*A!

R,!3#9,!/,,1&@!*',S3*>0!$,,2(')8!2*),23,0!/(23!#'!>'6,0)0#6>#2,!0,8,#0?3!#88(82#'27!K0(8#!5#0?(#S
5*'N#&,8A!D3,!$,,2(')8!&**8,&@!-*&&*/!#!$#'#),$,'2S+@S*+O,?2(9,8!#%%0*#?3:!/3#2!/#8!6*',!&#82!/,,17!
/3#2!#0,!4#2,P8!#'6!K0(8#P8!)*#&8!-*0!23,!',.2!/,,17!#'6!/3#2!?#'!"!T#8!#69(8*0!#'6!0,8*>0?,!%0*9(6,0<!
#88(82!23,!2/*!*-!23,$!/(23U!

F'<#"&;'+&#-(;',*#+60;0(3."(6+,-%$6+C(&*'("'0%-&0(.3(&*'("'0'#",*(6+(&*'(0&%$'+&G0($'C"''(
<".C"#;((
D3,!CDEC=!6,)0,,!%0*)0#$!(8!(6,#&&@!8>(2,6!2*!23(8!('2,06(8?(%&('#0@!/*01A!"'!?*'20#82!2*!23,!>8>#&!
6(--(?>&2(,8!*-!GKVW!82>6,'287!#&&!*-!4#2,P8!?*>08,8!#'6!#&&!*-!23,!%&#'',6!0,8,#0?3!/(&&!?*'20(+>2,!6(0,?2&@!
2*/#068!3,0!6,)0,,!0,X>(0,$,'287!#'6!83,!/(&&!82(&&!3#9,!#!6,)0,,!-0*$!23,!Y*&&,),!*-!V')(',,0(')A!!

Z',!*-!23,!CDEC=!%0*)0#$!0,X>(0,$,'28!(8!23#2!82>6,'28!%0*6>?,!%>+&(83,6!/*01A!D3(8!-(28!/,&&!/(23!$@!
%3(&*8*%3@!*'!23,8,8Q!23#2!23,!23,8(8!83*>&6!+,!820>?2>0,6!#0*>'6!O*>0'#&!%>+&(?#2(*'8A!4#2,!3#8!+,,'!
/(&&(')!#'6!#+&,!2*!6*?>$,'2!3,0!/*01!-0*$!23,!9,0@!82#027!/(23!+*23!?*'-,0,'?,!%#%,08!#'6!
%0,8,'2#2(*'8A!L*0!,.#$%&,7!83,!0,?,'2&@!%0,8,'2,6!3,0!0,8,#0?3!%&#'!#2!+*23!23,!V')(',,0(')!V6>?#2(*'!
W,8,#0?3!50*>%!$,,2(')!#'6!#2!GKVWA!!

4#2,P8!?3*(?,!*-!?*>08,8!3,0,!#2!Y[!3#9,!+,,'!(6,#&!%0,%#0#2(*'!-*0!/*01!*'!23(8!%0*O,?27!,'?*$%#88(')!
X>#'2(2#2(9,!#'6!X>#&(2#2(9,!0,8,#0?3!$,23*68!('!,6>?#2(*'!#'6!',>0*%8@?3*&*)@A!D3,!-(2!/(23!+*23!23,!
CDEC=!%0*)0#$!0,X>(0,$,'28!#'6!23,!6,$#'68!*-!*>0!%0*O,?2!?#''*2!+,!($%0*9,6!*'A!"!3#6!+,,'!

mailto:Hertzberg@colorado.edu


!""#$%&'(")'*'+,-./%,'(")',0$+'1)"2/3,'(")'*'4/*)5'*%.'64'"1,$6$+6'7*+'(!*&&$%&'70/%'8*,/'*%+7/)/.'64'
1"+$,$"%'*%%"-%3/6/%,9':;</'=//%'*=+"!-,/!4'./!$&0,/.'7$,0'0/)'1)/1*)*,$"%'*%.'3"%,)$=-,$"%+9'

!"#$%&'()*+',-)
>*,30$%&'(-%.+'7$!!'3"6/'()"6'64'?@A'B/+/*)30':%$,$*,$"%'$%'C%&$%//)$%&'C.-3*,$"%'&)*%,D'CCEFGHIJHKI5'
LM0/'N"7/)'"('O/+,0/,$3+L'?@A'B:PCC'1)"&)*69'Q/),R=/)&'N:5'E-))*%5'A$%#/!+,/$%5':,"'E"FN:+9'JGSJGSHJGT'
F'GHSTGSHJGI5'UGVJ5JJJ9'M0$+'&)*%,'0*+'VJW'OX5'GJJW'+-66/)'+-11"),'(")'"%/'&)*.'+,-./%,'(")',7"'
4/*)+9'Y$,0'*%'*11)"1)$*,/'%"F3"+,'/Z,/%+$"%5',0$+'7$!!'&-*)*%,//'*'4/*);+'7"),0'"('6*,30$%&9'':%'(*3,5':'
/Z1/3,',0$+'*7*).',"'*!!"7'8*,/',"'3"61!/,/'0/)',0/+$+9'

'

./0)#%1)23/2/-1,)23/41$#)0&55)*+3#%13)6/+3),1715/281'#9)-+22/3#):;<!)1,+$"#&/')0&#%&')#%1)
%/81),12"3#81'#9)"',)=1'1*&#)#%1)>?@A/+5,13)$/88+'&#6)"-)")0%/51)
:'+/3-)/.',0/'?@A'B:PCC'*7*).'(")'+,-.4$%&',0/'$61*3,'"('A!"7'[$+-*!$R*,$"%'*%.'*/+,0/,$3+'"%'+,-./%,+'
*(,/)'%"'!/++',0*%'/$&0,')/2/3,/.'+-=6$++$"%+9':,'$+'64'($)+,'(-%./.'/%&$%//)$%&'/.-3*,$"%')/+/*)30'\CCB]'
1)"2/3,'*%.':'0"1/',0/'($)+,'"('6*%49':'0*</'$%</+,/.'*'+$&%$($3*%,'1"),$"%'"('64')/+/*)30',$6/'"</)',0/'
1*+,'/$&0,'4/*)+'$%'!/*)%$%&',0$+'%/7'($/!.'=/3*-+/':'(//!',0*,'$61)"<$%&'"-)'/%&$%//)$%&'+,-./%,+;'
/.-3*,$"%*!'/Z1/)$/%3/'$+'<$,*!!4'$61"),*%,',"'64'./1*),6/%,5'3"!!/&/5'3*61-+'*%.',"'+"3$/,4'*+'*'
70"!/5'*%.':'(//!',0*,':'3*%'6*#/'*'-%$^-/'3"%,)$=-,$"%9'M0$+'*7*).'7$!!'/%*=!/'8*,/'*%.':'*%.'"-)'
3"!!*=")*,")+',"'3"61!/,/'/%"-&0'7")#',"'6*#/'*'+,)"%&'3*+/'(")'*'!*)&/)')/+/*)30'1)"&)*69'

C%&$%//)$%&'/.-3*,$"%')/+/*)30'0*+'*%'-10$!!'=*,,!/'*0/*.'"('$,'$%'64'./1*),6/%,'*%.'$%',0/'E"!!/&/'"('
C%&$%//)$%&9'@/</)*!'"('64'3"!!/*&-/+'0*</'/Z1)/++/.'+#/1,$3$+6',0*,'/.-3*,$"%')/+/*)30'=/!"%&+'$%'"-)'
3"!!/&/'*,'*!!9'M0$+'*7*).'1)"&)*6'3*%'+/%.'*%'$61"),*%,'6/++*&/',"',0/'3"%,)*)45',0*,'CCB'."/+'=/!"%&'
$%'"-)'3"!!/&/5'*%.',0*,'1)"1"%/%,+'"('CCB'*)/'%",'*!"%/'")'7$,0"-,')/+"-)3/+5'*%.',0*,'"-)'7")#'0*+'
6/)$,/.',0/'+-11"),'"(',0/'E0*%3/!!")9'

P$<$%&',0/'E0*%3/!!");+'P)*.-*,/'O7*).',"'8*,/'P"".6*%'7$!!'0*</'*%'*..$,$"%*!'=/%/($,',"'8*,/;+'0"6/'
1)"&)*6'$%'OM_O@9'@,-./%,+'$%'0/)'1)"&)*6'0*</'*!7*4+'=//%'/%3"-)*&/.',"'+//#'+-11"),'()"6'"-,+$./'
+"-)3/+5'=-,'8*,/')/1"),+',0*,'+0/'$+',0/'($)+,'+,-./%,'+0/'#%"7+'"(',"'0*</'+-33//./.9'OM_O@')/3/%,!4'
6"</.'$%,"',0/'E"!!/&/'"('C%&$%//)$%&5'*%.',0$+'*7*).'3"-!.'1)"<$./'*..$,$"%*!'/%3"-)*&/6/%,',"'0/)'
1//)+',"'$%,/&)*,/'7$,0',0/'E"!!/&/9'

':'*!+"'7*%,',"'*3#%"7!/.&/'/*)!4'+-11"),'(")',0$+'1)"2/3,'()"6',0/'N)/+$./%,;+'M/*30$%&'*%.'_/*)%$%&'
E"!!*=")*,$</9':'0"1/',0$+'1)"2/3,'3*%'+/)</'*+'*%'/Z*61!/'"('0"7'+-30'+//.'/(("),+'3*%'&)"7'*%.'
=!"++"69'

:%'*..$,$"%',"',0/+/'+"6/70*,'1"!$,$3*!'3"%+$./)*,$"%+5'"-)'7")#'"%'0"7'*/+,0/,$3+'*%.'<$+-*!'/Z1/),$+/'
3*%'$%(!-/%3/'+,-./%,+;'*((/3,'$+'/Z1/3,/.',"'0*</'7$./F)*%&$%&'$61!$3*,$"%+9'M0/'$./*',0*,'+,-./%,+'6*4'
=/'*,,)*3,/.',"'/%&$%//)$%&'\+1/3$($3*!!4'6/30*%$3*!'/%&$%//)$%&]'%",'(")'$,+'$61"),*%3/5'-,$!$,4'")'/</%'
=/%/($,',"'+"3$/,4'=-,'=/3*-+/'+"6/'*+1/3,+'*)/'%",'2-+,'3""!5'=-,'!"#$%&'$('$+'^-$,/'%"</!9'CZ1!"$,*,$"%'
"(',0$+'$./*'6*4'0/!1'+"!</'!"%&F+,*%.$%&'1)"=!/6+'$%',0/')/3)-$,6/%,'*%.')/,/%,$"%'"('*'.$</)+/'+,-./%,'
1"1-!*,$"%'*%.'7")#(")3/9'

' '



!"##$%"&"'()$*+,(
!"#$%&'%(")*+,")-%

!""#$%&'()*+#,(""#+)

-(.&+'/(0')#,)1($2&0%$&3)405%0((+%05)

60%7(+"%'8)#,)9#3#+&:#)

;#<3:(+=)9>)?@A@BC@DEF)

*2#0(G)HA@AIDBECJ@BE))

K&LG)HA@AIDBECE?MA)

4C/&%3G)N(+'OP(+5Q9#3#+&:#R(:<)

S(P)*&5(G)2''.GTT"'+%.(R$#3#+&:#R(:<TU2(+'OP(+T)

V&0<&+8)E@WD)

)

-."%+*$/0(
)

*2R)-R=)1($2&0%$&3)405%0((+%05=)60%7(+"%'8)#,)9&3%,#+0%&=);(+X(3(8=)-($(/P(+)WB?MR)

)

1R)YR=)1($2&0%$&3)405%0((+%05=)60%7(+"%'8)#,)9&3%,#+0%&=);(+X(3(8=)V<0()WB?AR)

)

;R)YR)4R=)1($2&0%$&3)405%0((+%05=)60%7(+"%'8)#,)1%$2%5&0=)!00)!+P#+=)1&50&)9</)Z&<:()1&8)WB?WR)

)

1#/2,33$/0+&(-45,#$,0%,(
)

!""#$%&'()*+#,(""#+)) ) -(.&+'/(0')#,)1($2&0%$&3)405%0((+%05)

1&8)WBBF)C).+("(0'))) ) 60%7(+"%'8)#,)9#3#+&:#=);#<3:(+)

)

!""%"'&0')*+#,(""#+)) ) -(.&+'/(0')#,)1($2&0%$&3)405%0((+%05)

V&0R)WBBW)C)1&8)WBBF))) 60%7(+"%'8)#,)9#3#+&:#=);#<3:(+)

)

[("(&+$2)!""#$%&'() ) !(+#".&$()405%0((+%05)-(.&+'/(0')

http://stripe.colorado.edu/%7Ehertzber/


!"#$%&'()*%+,-$%&''.% % /#01,23045%67%8694:,2#%;"<0762#0"%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

=,3,"2-:%>33034"#4% % ?92@9<,#4%;6A@93406#%B269C%

D-4$%&'(&*%+,-$%&'(E% % F"G2,#-,%H,2I,<,5%F"@62"4625%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

=,3,"2-:%>33034"#4% % J66K%;6A@93406#%849K0,3%

L"5%&'(&*%D-4$%&'(&% % /#01,23045%67%J"3:0#M46#N%8,"44<,%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

=,3,"2-:%>33034"#4% % O,"4%?2"#37,2%F"@62"4625%

L"5%&'(.*%>9M$%&'(.% % /#01,23045%67%L0-:0M"#N%>##%>2@62%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

!9#062%P#M0#,,2%% >33,A@<5%P#M0#,,20#M%+,C4$%

L"5%&')'*%>9M$%&')'% % L,4"<%84"AC0#M%+010306#%

% % % % Q62K%L6462%;6AC"#5N%+,"2@62#N%LR%

!"#$%&&'#()*+,-.'/'.'%&+)(0+1%"/'-%+
%

!

"#$%&'#!()!*)+$,-./!!

=,M06#"<%PK0462%762%S624:%>A,20-"N%!692#"<%67%Q<6G%;6#426<N%L,"392,A,#4%"#K%T039"<0U"406#N%V.&V%*%
C2,3,#4%

W62476<06%L"#"M0#M%PK0462N%!692#"<%67%T039"<0U"406#N%V..E*V..'$%>336-0"4,%PK0462%V.&.*C2,3,#4$%

>336-0"4,%PK0462N%,Q<90K3$-6AN%V..)*$%

"#$%&'#!()!"'0).-$.1!)$!2$)3#//&),-.!4$5-,&6-(&),/%%

72"!

F6-"<%D2M"#0U0#M%;6AA044,,%;:"02N%>A,20-"#%W:530-"<%86-0,45N%+010306#%67%Q<90K%+5#"A0-3%>##9"<%L,,40#M%
S61,A@,2%V.&)N%+,#1,2N%;D$%

;:"02N%PK9-"406#%"#K%;"2,,2%D942,"-:%;6AA044,,N%%>A,20-"#%W:530-"<%86-0,45%N%+010306#%67%Q<90K%
+5#"A0-3$%&&XV.&V*%&&XV.&Y%ZT0-,%;:"02N%&&XV.&&%[%&&XV.&VN%769#K0#M%A,A@,2%V.&.*V.&&\$%

Q69#K,2N%D2M"#0U,2%"#K%;6;:"02N%J62I3:6C3%6#%Q<90K3%PK9-"406#N%>A,20-"#%W:530-"<%86-0,45N%+010306#%67%
Q<90K%+5#"A0-3N%>##9"<%L,,40#M3%V..(N%V..'N%V.&.N%V.&&$%

L0#035AC6309A%D2M"#0U,2%"#K%;:"02]%^Q<90K3%PK9-"406#_N%>A,20-"#%W:530-"<%86-0,45%N%+010306#%67%Q<90K%
+5#"A0-3N%`'4:%>##9"<%L,,40#MN%?"AC"%Q<N%V..Ea%^Q<90K3%+,A6#342"406#3%"#K%R#3429-406#"<%F"@62"4620,3_N%



!"#$%&'()*+,-%&'.)/0&%#1,)2)3%4%-%0()05)6.7%8)3,('"%&-2)9:1+)!((7'.);##1%(<2)/'.1)='>#)?%1,2)@AB)C04)DEF
G:)G::HI)JK%8#0-)'(8);7.1%"#8%')50$)6.7%8-)L(-1$7&1%0(M2)!"#$%&'()*+,-%&'.)/0&%#1,)2)3%4%-%0()05)6.7%8)
3,('"%&-2)9D1+)!((7'.);##1%(<2)/'()!(10(%0)A#N'-B)C04)GOFGP2)G::E)

QN#&71%4#)?0""%11##);#"R#$F'1F='$<#2)!"#$%&'()*+,-%&'.)/0&%#1,)2)3%4%-%0()05)6.7%8)3,('"%&-B)Q.#&1#8)
10)O),#'$)1#$"2)G::H)S)G:D:B)

*7R.%&'1%0(-)'(8);#8%')?0""%11##2))!"#$%&'()*+,-%&'.)/0&%#1,)2)3%4%-%0()05)6.7%8)3,('"%&-B)G::EB)

607(8#8)1+#)6.7%8-)Q87&'1%0()T00<.#)<$07U2)"'8#)7U)05)DVH)%(1#$('1%0('.)#(<%(##$%(<)'&'8#"%&-2)
DGWG::9B)

!"#$%&"%$$'"%&(

607(8%(<);#"R#$2)?0.0$'80)!..%'(&#)50$)X%0#(<%(##$%(<)Y?!XZ2)DVVEFG::DB)

[$<'(%\#$2)?0.0$'80)/1'1#)6'%$)QN+%R%1)0()X%0#(<%(##$%(<2)G::DB)

?+'%$2)?!X)3',)'1)6%1\B)[$<'(%\#8)?0.0$'80)!..%'(&#)50$)X%0#(<%(##$%(<)3',)'1)6%1\-%"0(-2)')U0-1#$)
-#--%0()1+'1)R$07<+1)10<#1+#$)04#$)DP:)"#"R#$-)05)1+#).0&'.)R%0#(<%(##$%(<)&0""7(%1,2)%(&.78%(<)
5'&7.1,2)-1'55)'(8)-178#(1-)5$0")?@)X07.8#$2)?0.0$'80)/1'1#)@B2)?0.0$'80)/&+00.)05);%(#-)'(8)@?]/?2)'-)
^#..)'-)"#"R#$-)05)1+#)?0.0$'80)X%01#&+(0.0<,)!--0&%'1%0()'(8)1+#)?0.0$'80)X%0"#8%&'.)3#4%&#)
!--0&%'1%0(B)3#-&$%R#8)%()1+#)3#(4#$)*0-1)DGW9WG:::)X7-%(#--)-#&1%0(B)

?0F?+'%$2)6.7%8-_)QNU#$%"#(1'.)A#&+(%`7#-)/#--%0(2)DD1+)L(1#$('1%0('.)?0(5#$#(&#)0();#&+'(%&-)%()
;#8%&%(#)'(8)X%0.0<,2);'7%2)]L2)!U$%.)GFP2)G:::B)

)*+$'(

*'$1%&%U'1#8)%()1+#)A+%$8)!((7'.)a0"#()%()Q(<%(##$%(<)b07(81'R.#2)-U0(-0$#8)R,)T$'87'1%(<)Q(<%(##$)
'(8)?0"U71#$)?'$##$-);'<'\%(#B)3#-&$%R#8)%()1+#)6#RB)G:::)%--7#2)UU)DE)F)GOB)

?0F?+'%$2)a0$>FL(F*$0<$#--)*0-1#$)/#--%0(2)GH1+)/,"U0-%7")YL(1#$('1%0('.Z)0()?0"R7-1%0(2)X07.8#$2)?[)
DVVEB))

;#"R#$2)[$<'(%\%(<)?0""%11##2)GH1+)/,"U0-%7")YL(1#$('1%0('.Z)0()?0"R7-1%0(2)X07.8#$2)?[)DVVEB)

;#"R#$2)[$<'(%\%(<)?0""%11##2)DP1+)L(1#$('1%0('.)?0..0`7%7")0()1+#)3,('"%&-)05)QNU.0-%0(-)'(8)
b#'&1%4#)/,-1#"-2)X07.8#$2)?[2)DVVPB)

?0(-7.1'(12)/&%#(&#)b#4%#^)*'(#.2);%&$0<$'4%1,)?0"R7-1%0()*$0<$'"2)C!/!)=#^%-2)DVVOB)

?+'%$2)[$<'(%\%(<)?0""%11##2)/%N1+)[55%&#)05))C'4'.)b#-#'$&+)*$0U7.-%0();##1%(<2)X07.8#$2)?[2)DVVOB)

;#"R#$2)*$0<$'")b#4%#^)/7R&0""%11##2)?0"R7-1%0()L(-1%171#2)L(1#$('1%0('.)?0"R7-1%0()/,"U0-%7"2)
DVVG2)DVVc2)DVV92)DVVE2)G:::B)

b#4%#^#$)05)U'U#$-2)U$0U0-'.-)'(8)U$0<$'"-)50$_)

!"#$%&'(")(*'#+,(-./0&%+/1)

2031+/1(")(*'#+,1(

456.$+7.%81(+%(*'#+,1(

!"#$%&'(")(9+1#&'+:&8+"%(



!"#$%&'%()*+,-./0,"1-2%+,)3-

4()%*(+)"#(+,-5#/*(+,-#6-2%+)-+(&-7,/"&-7,#8-

'#90/:)"#(-+(&-7,+9%-

'#90/:)"#(-;1"%(1%-+(&-<%13(#,#=>-

4()%*(+)"#(+,-;>9?#:"/9-#(-'#90/:)"#(-

@4@@-5#/*(+,-

5#/*(+,-#6-2%+)-+(&-7,/"&-7,#8-

5#/*(+,-#6-.*#?/,:"#(-+(&-.#8%*-

5#/*(+,-#6-7,/"&:-A(="(%%*"(=-

@;$A-5#/*(+,-#6-A(%*=>-B%:#/*1%:-<%13(#,#=>-

!""#$%&'"&()*)+&,%-%).$/&

0.12&,%-%).$/&!""#$%&

()3#'4)+&5$#%4$%&6'748)3#'4&

()3#'4)+&0%.'4)73#$-&)48&59)$%&081#4#-3.)3#'4&

&

!"#$"%&'()*+

01%.#$)4&:/2-#$)+&5'$#%32&

01%.#$)4&5'$#%32&"'.&;4<#4%%.#4<&;87$)3#'4&

01%.#$)4&5'$#%32&'"&=%$/)4#$)+&;4<#4%%.-& &

01%.#$)4&0--'$#)3#'4&'"&>4#*%.-#32&?'1%4&

01%.#$)4&0--'$#)3#'4&'"&>4#*%.-#32&:.'"%--'.-&

@)7&A%3)&:#&

& :#&@)7&5#<1)&

!"#"$%&'#(&)*'$(%&
+

BCDC& =).#47-&51#3/&E=)F#4<&)&G#""%.%4$%H&@%)$/#4<&;I$%++%4$%&0J).8&".'1&3/%&K>&A'7+8%.&:).%43-&

0--'$#)3#'4L&

BCDC& M'/4&)48&=%.$%8%-&:%%N+%-&O44'*)3#'4&#4&;87$)3#'4&0J).8&4'1#4%%&PQR&#4&K;05SL&&

BCDC& O+2)&T#-%4F%.U&M%)4&V%.3WN%.<U&E59#44#4<&'4&)&5F#++%3LH&;43.2&#4&3/%&(56X&5$#%4$%&=)<)W#4%&

YO43%.4)3#'4)+&5$#%4$%&)48&;4<#4%%.#4<&Z#-7)+#W)3#'4&K/)++%4<%YL&5%+%$3%8&)-&)&6#4)+#-3L&



!""#$$ $ %&'($)*'(&+$,-$./*0$1-2$3*(,*-$41(&5*+67$8-(&+-1(,*-1/$9*4,&(6$:*+$315-&(,4$;&'*-1-4&$
,-$3&2,4,-&$!""#$<&&(,-5=$

!"">7$!""?$ @,--&+7$A1//&+6$*:$./B,2$3*(,*-7$C<&+,41-$)D6',41/$9*4,&(6$E,F,',*-$*:$./B,2$E6-1<,4'$
C--B1/$3&&(,-5$

!"">$ $ !-2$G/14&$H*<IB'(,*-$C+($4*<G&(,(,*-7$H&-(+1/$9(1(&'$9&4(,*-7$H*<IB'(,*-$8-'(,(B(&=$

!"">$ $ 9&F&-$./*0$J,'B1/,K1(,*-$4*B+'&$,<15&'$144&G(&2$,-(*$(D&$LB+,&2$HM$C+(N94,&-4&$&OD,I,($

!""PQ!""R$ 3&4D1-,41/$S-5,-&&+,-5$TB('(1-2,-5$9&+F,4&$C01+27$HM$%*B/2&+$

!""P$ $ U&0$8-F&-(*+$*:$(D&$V&1+$C01+27$HM$%*B/2&+$

!""P$ $ %&'($)1G&+$)8H$8887$C9SS$C--B1/$3&&(,-5$

WXXY$ $ Z*-*+1+6$3&<I&+7$),$[1B$9,5<17$3&4D1-,41/$S-5,-&&+,-5$Z*-*+$9*4,&(6$

WXX>$ $ C''*4,1(&$.&//*07$C<&+,41-$8-'(,(B(&$*:$C&+*-1B(,4'$1-2$C'(+*-1B(,4'$

WXXW$ $ U1(,*-1/$94,&-4&$.*B-21(,*-$;&'&1+4D$8-,(,1(,*-$C01+2$

WX#R$ $ 8%3$.&//*0'D,G$

WX#W7WX#!$ A+12B1(&$TGG*+(B-,(6$.&//*0'D,G7$M=H=$%&+\&/&6$

WXYX$ $ 3&<I&+$*:$[1B$%&(1$),7$(D&$U1(,*-1/$S-5,-&&+,-5$Z*-*+$9*4,&(6$

WXY>QWX#"$ E&1-]'$Z*-*+$^,'(7$M-,F&+',(6$*:$3,4D,51-$

WXYX$ $ .*+2$.&//*0'D,G$

WXY>$ $ .*+2$.+&'D<1-$94D*/1+'D,G$

WXY>$ $ 9*4,&(6$*:$@*<&-$S-5,-&&+'$C01+2$

$  



!"#"$%&'()%$*+#(
!

"#$%!&'(#)!*%+,-./0!)-123!)%2.4546!&-77845+5%9!2+!&:!;-83<%.=!>8?2,2.<!@.-7!+$%!:45A%.95+B!-@!

C591-4954D9!*>E!2,2.<!"#$%!&'(#)!*%+,-./0!FG!(%9%2.1$!:45A%.95+5%9!H.%I2.546!2!*2+5-423!E2183+B!+-!

J<A241%!>#KL!:4<%.6.2<82+%!)%2.4546=!M%.+N?%.6!H'O!;-.<%.!&-PH'Q!RSTGSFUTV!W!XSVTSFUTYO!ZTYUOTFGQ!

[#$%!H-,%.!-@!J%9+$%+519[!*>E!('\KK!I.-6.27Q!M%.+N?%.6!H'O!&8..24O!E54/%39+%54O!'+-!&-PH'9Q!!UTSUTSFUTV!

P!TFSVTSFUT]O!ZTGUOUUUQ!!

"]!^57%495-423!&2.<521!L('!@-.!+$%!^5264-959!24<!J99%997%4+!-@!H837-42.B!MBI%.+%495-4=Q!;8+1$%.!

>%%<!\.24+Q!E%49+%.!H'O!M%.+N?%.6!&-H'Q!UYSUTSFUTF!W!GSVTSFUT]O!ZTUUOUUUQ!

!

"]!^57%495-423!&2.<521!L('!@-.!+$%!J99%997%4+!-@!^59%29%!>%A%.5+B!24<!H.-64-959!54!H837-42.B!

MBI%.+%495-4=Q!*2+5-423!_%,59$!M%23+$O!#.24932+5-423!(%9%2.1$!'45+52+5A%Q!E%49+%.!H'O!M%.+N?%.6!&-H'Q!

VSTSFUTF!W!FSFRSFUTVQ!ZGTOR]]!

J423B959!-@!]^L('!&2.<521!E3-,!(%32+%<!+-!H837-42.B!MBI%.+%495-4Q!*2+5-423!_%,59$!M-9I5+23O!1-4983+546!

?2959Q!YS]STT!W!YSVSFUTFQ!ZFUUUQ!M%.+N?%.6!H'Q!

!

J!LKL>!H839%<!'4`%1+5-4!K3%1+.-9+2+51!J+-75N%.!@-.!>7233!K4654%9Q!>8?1-4+.21+!+-!&:!;-83<%.!-4!:>!

J.7B!>7233!;8954%99!#%1$4-3-6B!#.249@%.!a>##(bH$29%!''!1-4+.21+!,5+$!#^J!'41O!H.-I-923!JFPVYcYQ!

H.5415I23!'4A%9+562+-.0!_-$4!CQ!^253B!ZFGUOXRTQ!^8.2+5-40!UcSUTSUc!P!URSVTSTT!&-PH'0!_%24!M%.+N?%.6!FGd!

+57%O!V!7-4+$9!>877%.Q!!

!

KeI%.57%4+23!'4A%9+562+5-4!-@!M-9I5+23!fI%.2+546!(--7!af(b!J5.!^59+.5?8+5-4Q!g$25!H'O!M%.+N?%.6!&-PH'O!

J>M(JKO!TQU!7-4+$!9877%.O!ZT]UOYRGQ!UcSTSUR!W!RSVTSTUQ!

!

^%A%3-I7%4+!-@!2!751.-P!24<!721.-P!I2.+513%!5726%!A%3-157%+.B!9B9+%7!@-.!-I2h8%!@3-,9Q!>$24<29!H'O!

M%.+N?%.6!&-H'Q!*>EQ!ZGFYOFYRQ!URSUTSU]!P!UXSVTSUXQ!TUd!JiO!UQG!7-4+$!9877%.Q!!

!

(%23!+57%!83+.29-84<!?3--<!@3-,!A%3-157%+.BQ!>$24<29!H'O!M%.+N?%.6!&-332?-.2+-.O!*'MO!TQU!7-4+$!JiQ!

#-+23!27-84+0!ZVUUOUUU!YSTSU]!P!GSVTSUYQ!!

!

H.5415I23!'4A%9+562+-.O!"J1h8595+5-4!-@!2!H2.+513%!'726%!j%3-157%+.B!>B9+%7O=!*2+5-423!>15%41%!

E-84<2+5-4O!&#>!UTT]TUcO!TTSTSFUUTPTUSVTSFUUVO!ZRFOUUUQ!

H.5415I23!'4A%9+562+-.O!"L-<%3546!-@!L5+.23!E3-,!^2+2O=!&-84153!-4!(%9%2.1$!24<!&.%2+5A%!C-./O!&:!

;-83<%.O!FUUTO!Z]ORUUQ!



!"##$%"&$'"&()*+,-.$/0-1)"2)34#5"/$&6).63,&',/10"/7()89:;)<)=9:=()>$'0"/$#)?/1'0'4',1)"2)@,$#'.)
A;B=(:::C)

!"D?/E,1'0F$'"&()*GHI)J433#,5,/')2"&))?KGL)M/)?/',&$-'0E,)HN3,&05,/'$#9>45,&0-$#)J054#$'0"/)J61',5)
O0'.)M33#0-$'0"/1)0/)+H+J)P,10F/7)>$'0"/$#)J-0,/-,)Q"4/R$'0"/()M!?D::ST::U()AT:(:::()V9;9W::;D)
S9T;9:TC)

J,/0"&)G,1,$&-.,&()*?KG9M!JL)M/)?/',&$-'0E,)HN3,&05,/'$#9>45,&0-$#)J054#$'0"/)J61',5)O0'.)
M33#0-$'0"/1)0/)+H+J)P,10F/(7)>$'0"/$#)J-0,/-,)Q"4/R$'0"/()W:::DW::T()AUVV(VVVC)

!"D?/E,1'0F$'"&()*Q#40R)+,-.$/0-1)"2)X,/'&0-4#$&)Q0##0/F(7)Y.0'$Z,&)Q"4/R$'0"/();VVSDW::;()AW:=(=SB)

[&0/-03$#)?/E,1'0F$'"&()>MJMD>M\TD;8;8()*K.&,,DP05,/10"/$#)Q#"O)0/)$)+0-&"F&$E0'6)P022410"/)Q#$5,(7)
;VVUD;VVS()AU::(:::C)

!"D?/E,1'0F$'"&()*?5$F0/F)J61',5)2"&)[&"34#10"/)[.,/"5,/$7)]220-,)"2)>$E$#)G,1,$&-.();VVBD;VVS()
A;8:(VWU)

[&0/-03$#)?/E,1'0F$'"&()]>GD>:::;UVT;;T:=()*!"5%41'0"/)!"/'&"#)0/)!"53$-')Y$1',)?/-0/,&$'"&1(7)
;VVTD;VV8()AU=:(:::C)

[&0/-03$#)?/E,1'0F$'"&()]>GD>:::;UVT;:;;S()*!"5%41'0"/)"2)@0F.)H/,&F6)Q4,#1(7);VVWD;VV=()AU:U(UTWC)

[&0/-03$#)?/E,1'0F$'"&()]>GD>:::;UVT;;;SU()*MMJHGK)J433#,5,/'L)]3'0-$#)J""')P0$F/"1'0-1)2"&)@0F.)
H/,&F6)Q4,#)!"5%41'0"/(7);VVTD;VV8()A;WT(BSBC)

[&0/-03$#)?/E,1'0F$'"&()>JQD!KJDV;:VBBS()*G,1,$&-.)?/0'0$'0"/)MO$&RL)!"5%41'0"/)0/)$/)M1655,'&0-)
!"/20F4&$'0"/(7);VV;D;VVT()AB:(:::C)

[&0/-03$#)?/E,1'0F$'"&()>JQD!KJDV;:VBBSD:;()*G,1,$&-.)HN3,&0,/-,)2"&)I/R,&F&$R4$',1)J433#,5,/'L)
!"5%41'0"/)0/)$/)M1655,'&0-)!"/20F4&$'0"/(7);VV;D;VVT()A;:(:::C)

!"D?/E,1'0F$'"&()>JQD!KJDV;;;BU8()*H/F0/,,&0/F)G,1,$&-.)H^4035,/'L)_$1,&)P"33#,&)X,#"-05,'&6)
J61',5)2"&)!"5%41'0"/)G,1,$&-.(7);VV;D;VVW()ATU(;VWC)

!"#$%&"'!#(%)*+,+-&'
!

./0'
`$'.,&0/,)\""R5$/()M,1'.,'0-1)0/)H/F0/,,&0/F)HR4-$'0"/C)[.P)M'#$1)3&"F&$5()1'$&',R)Q$##)W:;TC)

+0#,1)M%$&&()J6/'.,'0-)a,'1)2"&)?/R""&)M0&)b4$#0'6)c-"D$RE01,RdC)e,F$/)Q$##)W:;T)

M/R&,O)!$&',&()J'&,$50/F)e0&,2&0/F,/-,)"2)HN3$/R,R)+0-$)!"##"0R)J413,/10"/C)[.P)3&"f,-')Q$##)W:;;)<)
Q$##)W:;W)

a$5,1)e&"O/0/F()M/$#6101)"2)UP+G?)!$&R0$-)Q#"O)G,#$',R)'")[4#5"/$&6)@63,&',/10"/C)[.P()%,F$/)Q$##)
W:;;C)



!"#$%&'()$*++&,(-."/0*%$/1&234$5"6*78&9--#&:*5&;+-<%=&>?@&$A4$(6$/&'"B&CDEFG&

)"6"+*$&9-%%&,(-."/0*%$/1H&2>-*76.I-56$A&'-/$+*78&-J&"&;-5($/&>+"7"5&!$6H=&>?@&'"B&CDDKG&

9L*&M"78H&,(-."/0*%$/1&29*8?6&I$765*(L+"5&:%%*%6&@$0*($&J-5&;-76"7&>"6*$76%N&>L#4&@$%*87H&;"O5*("6*-7&

"7/&:%%$%%#$76H=&@$($#O$5&CDDPG&

Q*78+*&Q*L&,(-."/0*%$/1H&2;"O5*("6*-7&-J&R"4"(*6"6*0$&'*(5-#"(?*7$/&S+65"%-7*(&T5"7%/L($5%H=&@$($#O$5&

CDDPG&

U"*5-78&V?$78&,(-."/0*%$/1H&2WJJ$(6&-J&S+65"%-7*(&M"0$J-5#&-7&)-7+*7$"5&'*(5-OLOO+$&9$%4-7%$=H&'"B&

CDDXG&

9*(Y&QL$O%H&2R"5/*-0"%(L+"5&Z#"8*78H=&>?@&45-[$(6&!"7.3(6&CDD\G&

!-?7&R"5+6-7H&2T?5$$.@*#$7%*-7"+&;+-<&*7&"&'*(5-85"0*6B&@*JJL%*-7&;+"#$H=&>?G@G&:L8L%6&CDDFG&

R5"*8&M$*7O$58&,(-."/0*%$/1H&2)-7*70"%*0$&'$"%L5$#$76&-J&>L+#-7"5B&I"%(L+"5&9$%*%6"7($&*7&>$/*"65*(&

>L#-7"5B&UB4$56$7%*-7H=&>?G@G&%6L/$76H&(-."/0*%$/&OB&9-O*7&]?"7/"%H&'"B&CDD^&&

_$0*7&:7/$5%-7&,(-."/0*%$/1H&2]*#L+"6*-7&-J&)-7.>5$#*A$/&:(6*0$+B&;-5($/&9$"(6*78&I-56*("+&]65L(6L5$%&

M*6?*7&"&R-7J*7$/&@-#"*7=&>?G@G&%6L/$76H&(-."/0*%$/&OB&]?"7Y"5&'"?"+*78"#H&'"B&E``KG&

9-#&'(aLJJ*7&,(-."/0*%$/1H&2R-#OL%6*-7&Z7%6"O*+*6B&*7&"&9"#[$6H=&>?G@G&%6L/$76H&(-."/0*%$/&OB&!-?7&

@"*+BH&@$($#O$5&E``XG&

T"$&R?"78H&2Z76$5"(6*-7&O$6<$$7&"7&:%B##$65*(&I-56$A&9*78&"7/&"&M"++H=&>?G@G&@$($#O$5&E``FG&

!"#$%&#'
I*87$%?<"5"7&]$+0"5"[LH&2U*8?&I-+6"8$&:L8#$76"6*-7&-J&;L$+&]45"B%=&%6"56$/&;"++&CDE^G&

b5$66&'(cL*++"7&2]B76?$6*(&!$6%&J-5&Z7/--5&:*5&cL"+*6B=&'G]G&6?$%*%H&;"++&CDE^G&R-."/0*%$/&OB&QL4*6"&

'-76-B"G&

QL*%&Q-#"&2;+-<&*7&"&R-#4+*"76&'-/$+&:-56"H=&'G]G&6?$%*%&'"B&CDEDG&

Q-8"7&M*++*"#%H&,(-."/0*%$/1&2'*(5-&W(?-&>ZIH=&'G]G&6?$%*%&@$($#O$5&CDDKG&

>"L+&'*++$5H&2;+-<&*7&"&'-/$+&:-56"H=&&'G]G&6?$%*%&'"B&CDDPG&

'$8&I"7&](*0$5H&2;+-<&;*$+/&'$"%L5$#$76%&-J&UL#"7&a$7$5"6$/&Z7J$(6*-L%&:$5-%-+%H=&'G]G&T?$%*%H&'"B&

CDD\G&

:7/5$<&]?L8"5/H&2W#*%%*-7%&'$"%L5$#$76&*7&"&]4+*6&@*JJL%*-7&;+"#$H=&'G]G&45-[$(6&CDDFG&

U$"6?$5&R?+L/"H&2I-56*(*6B&:7"+B%*%&-J&Q$J6&I$765*(L+"5&'9Z&@"6"=H&]$46&CDD^.&'"B&CDDFG&']&45-[$(6G&

!-?7&a*"5/*7-H&2]6$5$-#*(5-%(-4*(&>"56*(+$&Z#"8$&0$+-(*#$65B=&']&T?$%*%H&(-."/0*%$/&<*6?&WG&b5"/+$BG&

R-#4+$6$/&'"B&CDDFG&

!-%?&'"/%$7H&2W#*%%*-7%&'$"%L5$#$76&*7&"&]4+*6&@*JJL%*-7&;+"#$H=&'G]G&45-[$(6&CDD^G&

:5"0*7/&>*66B0"%"76?"7Y"5H&2]65$"#<*%$&I-56*(*6B&'$"%L5$#$76%&*7&"&!$6H=&'G]G&45-[$(6&'"B&CDDFG&

b$6?"7B&9-6?$5?"#H&2T$%6*78&-J&;*7&@$%*87%&J-5&:*5&R--+$/&R-7/$7%$5%H=&'G]G&45-[$(6&;"++&CDDCG&&

W0"7&R-++*$5H&2'-/$+*78&-J&'*65"+&;+-<&@"6"H=&']&T?$%*%H&'"B&CDDE.'"B&CDDCG&



!"#$%&'$$()*&+,-./0&12%"3/4#&$5&6)%78/4.-"8&,/--/%9*:&;<&=>)#/#*&;"2&?@@AB&

C8/4&;"8D."807*&+'$3E"47&F)"7&CG4>"%9)8&1)#/9%*:&;B<B&7>)#/#*&;"2&?@@?B&

C0H"80&I$.-/%*&+1)#/9%&$5&7>)&;$0)-&J"3K)7&L.7$3"7/4&'$%78$-&<2#7)3*:&;B<B&AMMN&

1)O/8)002&J"3"4>"%08"*&+P.3)8/4"-&</3.-"7/$%&$5&6$87)GQR"--&S%7)8"47/$%#*:&;B<B&7>)#/#&;"2&AMMNB&

;"89"8)7&=>"3)#*&+<))0/%9&$5&T$H&6)-$4/72&,-$H#*:&;B<B&7>)#/#&AMMNB&&

U8/"%&F)/-)8*&+F/9>&C%)892&,.)-&'$3V.#7/$%*:&;B<B&;"2&AMMWB&

;"77&'.002*&+,$84)0&T"3/%"8&1/55.#/$%&,-"3)*:&;B<B&;"2&AMMWB&

I"78/4(&X3"8Y-2*&+6)-$4/72&;)"#.8)3)%7#&/%&"%&C-)478/4&,/)-0&C%>"%4)0&Z.7#/0)&6"E$8&1)E$#/7/$%&

,-"3)*:&;B<B&1)4)3V)8&AMM[B&

<.Y2&=/--*&P"7/$%"-&<4/)%4)&,$.%0"7/$%&\]^A?&,)--$H*&AMMM^?@@@B&

,8"%(&,8/)0-*&P"7/$%"-&<4/)%4)&,$.%0"7/$%&\]^A?&,)--$H*&?@@@^?@@A&

<)8O/4)&$%&;<&"%0&I>1&7>)#/#&4$33/77))#&5$8&"%&"00/7/$%"-&NN&#7.0)%7#B&&

<.E)8O/#)0&.%0)898"0."7)&/%O$-O)3)%7&/%&8)#)"84>&O/"&/%0)E)%0)%7&#7.02&"%0&_JZIQ_JLI&5$8&AN@&

#7.0)%7#B&

!"##$%&'()'*("%+,+'-$"./0'
&

!"#$%&' (&)&%*&$' +,$"--)&,*'

;'CP&A@?@Q\CCP&A[@@&'$3E.7"7/$%"-&"%0&L%"-27/4&=$$-#`&T)47.8)&

"%0&-"V$8"7$82&

&

,&MA&

,&M?&

,&M[&

,&MW&

Ma&

bb&

Mb&

MW&

\CCP&AW@@&,/8#7&c)"8&I8$K)47#`&T)47.8)&"%0&-"V$8"7$82& ,Ma&

,Mb&

,MM&

,@A&

<@W&

<@b&

[@&

?M&

?[&

?b&

[@&

[@&

;'CP&[@A?&=>)83$02%"3/4#&S`&T)47.8)& ,@A&

,@?&

A@?&

Mb&



!"#$

!"%$

&'"$

&#"$

$

()*+$#",&$!-./0$(12345/267$8129.:1$ !$;%$

!$;'$

!$"<$

!$"=$$

!$";$

!$&"$

!$&&$

!$&,$

>$&?$

=,$

<"$

&<%$

&?%$

&,=$

&,;$

'?$

&,"$

="$

()*+$#",,$@149$A:456B1:$ >;;$ =?$

()*+$#",<$(146.:1C1596$84DE:49E:F7$8129.:1$450$-4DE:49E:F$ >$;,$

>$;#$

>$;?$

>$;%$

>$;'$

!$;<$

!$;=$

!$;;$

>$"&$

?&$

%?$

?=$

?'$

#=$

&"$

,?$

#<$

?<$

()*+$#"#"$+.C1:/24-$(193E067$8129.:1$ >$;#$

>$;?$

>$;<$

>$;=$

=#$

;?$

%?$

%#$

()*+$#"#,$A31:CE0F54C/26$,$ >$&,$

!$&,$

'"$

&?$



!"#$" %$"

&'()"*+,-"./0123"45623572389"4/:7;3/"50<"=562357238" .">#" ,$"

&'()"*#?#@?#?#"!=2A"B1C;5=1D571209"EF/"GF8C1:C"50<"H37"2I"!=;1<"
!=2AJ"'2K75;LF7"5C"!M)("*+>-@?+>-N"02A":32CC=1C7/<"5C"!M4&"
*,++@HOE."?,++J")/A":2;3C/"</P/=2QR/07J"

.+$"

!+*"

.+%"

!+-"

."+>"

."#+"

."##"

."#,"

."#$"

.#*"

*,"

,?"

,?"

$?"

$$"

$+"

*?"

?+"

%?"

*S"

&'()"*,,S"T0</3L35<;57/"O/C/53:F"./R1053"10"'2R6;C7120J")/A"
:2;3C/"</P/=2QR/07"

.">?" >"

&'()"*,,S@?,*S".Q/:15="E2Q1:9"U1L175="U575"H:V;1C17120J")/A"
:2;3C/"</P/=2QR/07"

.>>" #*"

&'()"*,,S@?,,S".Q/:15="E2Q1:9"G/3:/Q7120"2I"U/C1L0"

)/A":2;3C/"</P/=2QR/07"

!"+>"

!"#+"

!"##"

$+"

,#"

,$"

&'()"?+,#"!=;1<"&/:F501:C9"4/:7;3/" !">%" #,"

&'()"?+,,"EF/3R2<805R1:C9"4/:7;3/" .+," #%"

&'()"?,,S"WE/5R"75;LF7X".Q/:15="E2Q1:C"10"'2R6;C7120"EF/238" !">$" ?"

&'()"?,?S"WE/5R"75;LF7X".Q/:15="E2Q1:C"10"'2R6;C7120".:1/0:/"
50<"HQQ=1:57120C"

!">," ##"

&'()"%,-S"!=;1<"&/:F501:C"&/5C;3/R/07CJ")/A":2;3C/"
</P/=2QR/07J"

.">S" ?"

!

!

!"#$%&'#()*+%&$#,%*
!



!"#$%&'

!"#"$%&"'()*'(&+","*-"'(-."(/0+,-(123456(7%+8,.%&9(1:;;"+(2")<.0*=(),(3",")+<.(4*,-0-:-"(/%+(
5%,-'%<,(0*(6*=0*""+0*=>(?:=:,-(@ABACD(AE@C>(AE(.%:+(7%+8,.%&(/%+(@E(126F(&%,-'%<,(/+%;()<+%,,(-."(
<);&:,(%*(-")<.0*=(-"<.*0G:",>(

4*,-0-:-0%*)$(H")'"+(/%+(-."(I"*-"+(/%+(-."(4*-"=+)-0%*(%/(3",")+<.D(2")<.0*=()*'(H")+*0*=(JI432HKD()(
*)-0%*70'"(*"-7%+8(%/(0*,-0-:-0%*,(<%;;0--"'(-%()'#)*<0*=(-."(-")<.0*=(%/(126F('0,<0&$0*",(0*(.0=."+(
"':<)-0%*>(AE@A(L(&+","*-(

M)<:$-N(2")<.0*=(6O<"$$"*<"(5+%=+);(),(M)<:$-N(?,,%<0)-"(AEEPB(

I);&:,(+"&+","*-)-0#"(-%D()*'(/%:*'0*=(;";Q"+(%/(-."(I%$%+)'%(?$$0)*<"(%*(R0%"*=0*""+0*=D(@SSPBAEEA(

!())*+*'

I%BT+=)*0U"+(/%+(-."(M0+,-()*'(1"<%*'(I6?1(6':<)-0%*(3"-+")-,>(!:-0",(0*<$:'"'(,"--0*=()="*')D(
&:Q$0<0-ND(,"$"<-0*=(#"*:"D(/%%'()*'(,-)//0*=>((

I%$$"="(V*'"+=+)':)-"(6':<)-0%*(I%:*<0$D(AEEABAEEWD(AEEPB(

I%$$"="(X:;)*0-0",()*'(1%<0)$(1<0"*<"(I%;;0--""D(AEEYBAEEW(

I%$$"="(I%;;0--""(%*(R0%"*=0*""+0*=D(I.)0+D(@SSPBAEEA(

I%$$"="(I%;&:-"+(3",%:+<",((I%;;0--""D(@SSZB@SSY>(

I%$$"="(M+",.;)*(I%;&:-"+(I%:+,"(I%;;0--""D(@SSCB@SSZ>(

I%$$"="(!0#"+,0-N(3"-+")-(&)+-0<0&)*-D(@SSZ>(

I%$$"="(1&"<0)$(T&&%+-:*0-N(1")+<.(I%;;0--""D(@SSA>(

42HH(M)<:$-N(?'#0,%+N(I%:*<0$(AEEW(

42HH(2."+;%'N*);0<,()*'(X")-(2+)*,/"+(M%<:,([+%:&(@SS\BAEEE(

42HH(F"),:+";"*-,(M%<:,([+%:&D(@SSY>(

42HH(X0=.(5"+/%+;)*<"(I%;&:-0*=(M%<:,([+%:&D(@SSZ>(

( ,*$"-.#*/.'

F"<.)*0<)$(6*=0*""+0*=(?,,",,;"*-()*'(I:++0<:$:;(1:Q<%;;0--""(F";Q"+(AE@AB(&+","*-(

F"<.)*0<)$(6*=0*""+0*=(?,,",,;"*-()*'(I:++0<:$:;(1:Q<%;;0--""(I.)0+(AEESBAE@@>(

F"<.)*0<)$(6*=0*""+0*=(?R62(I%;;0--""(I.)0+D(AEEZBAEEY>(

F"<.)*0<)$(6*=0*""+0*=(V*'"+=+)':)-"(I%;;0--""(I.)0+D(AEEABAEEWD(AEEPBAEES(

F"<.)*0<)$(6*=0*""+0*=(6O"<:-0#"(I%;;0--""(AEEABAEEWD(AEE\BAE@@(

F"<.)*0<)$(6*=0*""+0*=(V*'"+=+)':)-"(I%;;0--""D(@SSZB@SSWD(AEE@BAEEA>(



!"#$%&'#%()*&+'&"",'&+)-&./01,'%()2"(%1'3&0)4355'11""6)7889:788;6<==7>)

!"#$%&'#%()*&+'&"",'&+)?.)@3#)AB%#")4355'11""6)788C:788;>)

!"#$%&'#%()*&+'&"",'&+)?.)@3#)D%E3,%13,F)4355'11""6)7887:7889>)

!"#$%&'#%()*&+'&"",'&+)G,%./%1")4355'11""6)7887:788<>) )

!"#$%&'#%()*&+'&"",'&+)H%#'('1'"0)4355'11""6)788<:788I>)

J&.",+,%./%1")-&'1'%1'K")H/&.)L"B%,15"&1)?.5'&'01,%13,6)788I:B,"0"&1>)

!*)L"B%,15"&1)435B/1",)M"1N3,O)?.5'&'01,%13,6)788P:788;>)

!*)Q35"&R0)M"1N3,O)H%#'('1%13,6)788P:<==<>)

-5B("5"&1".)1$")ST"%5N3,O)%&.)D"%.",0$'B)U,3+,%5V)W3,)!>*>)W,"0$5"&6)788<:788I>)

H%#/(1F)?.K'03,)W3,)U')T%/)A'+5%)X!"#$%&'#%()*&+'&"",'&+)@3&3,)A3#'"1FY6)788I:B,"0"&1>)

U%&"('01)W3,)1$")H%#/(1F)T"%#$'&+)*Z#"(("&#")U,3+,%56)788P>)

43(3,%.3)AB%#")G,%&1)43&03,1'/5)2"K'"N",6)788I>)

)

!"#$"%%&$"#'()*&%+,-'.&/#&+01'
!

*ZB%&.'&+)[3/,)@3,'\3&06)788<6)788I6)788]:78886)<==P:<==96)<==;:)B,"0"&1>)

)SH3,#"0)-&)H(/'.0V)?/1$3,)%&.)B,"0"&1",6)<).%F)^I:7<)0#$33()1"%#$",0)N3,O0$3B6)'&)#3&_/&#1'3&)N'1$)1$")
-TDD)%&.)T"%#$*&+'&"",'&+>#35)N3,O0$3B)0",'"06)`/(F)7<:7P6)<==C>)

SH3,#"0)-&)H(/'.0V)?/1$3,)%&.)B,"0"&1",6)P)$3/,)$'+$)0#$33()1"%#$",0)N3,O0$3B6)'&)#3&_/&#1'3&)N'1$)1$")
?UA)L'K'0'3&)3W)H(/'.)LF&%5'#0)%&&/%()5""1'&+6)<==9>)

SH(3%1'&+)%&.)H%(('&+)H(3N0V)MALD)T"%#$*&+'&"",'&+>#35)%#1'K'1F)53./("6)<==9>)

SL"&0'1F)2%'&E3N)%&.)1$")G,"%1)a'0#30'1F)2%#"V)MALD)T"%#$*&+'&"",'&+>#35)%#1'K'1F)53./("6)<==9>)

4J)Q'\%,.0)A$3N0)ST33)@31)T3)@%&.("V6)7=b=P6)8b=]>)SG3)N'1$)1$")H(3NV)8b=I>)

SA$3#O)[3/,)A3#O0)cWWV>)^:7<)T"%#$",)Q3,O0$3B)<==<>)

S^'&"1'#0)H3,)^'.0V>)^:7<)U$F0'#0)T"%#$",)Q3,O0$3B6)78886)<==7>))

Q35"&)'&)*&+'&"",'&+)4%,"",)L%F6)788I67889:788;6)<==P6)<==]>)

Q-*U)*&",+F)*./#%1'3&)Q3,O0$3B)7888>)

*&+'&"",'&+)cB"&)@3/0"6)78876)788<6)788I>)

*&+'&"",'&+)c,'"&1%1'3&6)788P6)788;6)7888:<==]>)

*&+'&"",'&+)4%,"",)L%F6)788P6)788I>)



!"#$%&'$(()%!(*(+,%-*,."./.01%23341%56678%%

9/:#01%;<)"=(+*"<%&.<.0%&'"0*'0%><"+1%23??8%

9/:#01%@(/):0+%A<))0B%C0#"(*<)%&'"0*'0%><"+1%56658%

!

!"#$%&'()*+,(%#'-%./0)
%

98%!0+.DE0+#1%F8%G<H<D"<*%<*:%I8%J<)E(.1%KL%I<,0+%J(H(#+<M$"'%&./:B%(=%.$0%-*.0+<'."(*%(=%<%>)<H0%<*:%<%

N<+H<*%A(+.0O%&.+00.1P%!"#$%&'(")*+,-(.)-.+/)0+1.-2)"3"451%"#1%MM856QR527123?S8%

%

T8%;$(1%;8N8%I<U1%98%!0+.DE0+#%<*:%C8%;$0*#%K%&.+/'./+0%<*:%T+(M<#<."(*%(=%J/+E/)0*.%T+0H"O0:%>)<H0,%

&.<E")"D0:%"*%<%&.<#*<."(*%>)(U1P%16.)'5+7(8&'+,5#9"&(%#+:;)'.8)/'(")/3<+")+!"#$%&'(")1%;(HE/,."(*%

-*,."./.01%23?78%

%

-8V8%&$0M$0+:1%98C8%!0+.DE0+#1%I8%J<)E(.1%K>)<H0%!():"*#%"*%W*'(*="*0:%J/+E/)0*.%T+0H"O0:%>)<H0,8P%

T<M0+%M+0,0*.0:%<.%-;L&X%Y(+Z,$(M%(*%&/M0+,(*"'%;(HE/,."(*1%GL&L%I<*#)0B1%AL1%['.8%23?38%I<.0+%

M/E)",$0:%"*%=/>"8+?.&./8-2+1"9(-&+()+!"#$%&'(")*%F8\8%!/,,<"*"1%L8%N/H<+1%C8V8%A("#$.1%X:".(+,8%

&M+"*#0+RA0+)<#1%G0U%\(+Z1%23358%

%

98%!0+.DE0+#1%-8%&$0M$0+:1%I8%J<)E(.1%KA(+.0O%&$0::"*#%@0$"*:%C(:%&.<E")"D0:%>)<H0,1P%!"#$%&'(")+/)0+
73/#.1%#$1%MM8%2R221%23368%

%

98%!0+.DE0+#%<*:%;8F8%!(1%KJ"H0RL]0+<#0:%J$+00R^"H0*,"(*<)%>)(U%"*%<%C0'.<*#/)<+%&/::0*%XOM<*,"(*1P%

@;@@+A"%8)/31%"%%_26`1%MM8%5S56R5S5Q1%0++<.<%"%_22`1%MM8%5?641%23358%

%

98%!0+.DE0+#%<*:%;8F8%!(1%KA(+.0O%^B*<H"',%"*%<%C0'.<*#/)<+%&/::0*%XOM<*,"(*1P%A"%8)/3+"B+73%(0+
=.-2/)(-&*%&#'1%MM8%2R5a1%233Q8%

%

N8%L*:0+,(*1%98%!0+.DE0+#%<*:%&8%F<$<)"*#<H1%K;)<,,"="'<."(*%(=%LE,()/.0%<*:%;(*]0'."]0%-*,.<E")"."0,%"*%<%

@)/==%@(:B%&.<E")"D0:%>)<H01P%!"#$%&'(")+,-(.)-.+/)0+1.-2)"3"45%(($1%MM8%5QaR5731%23378%

%

J8\8%;$<*#1%98%!0+.DE0+#1%C8%N0++1%KJ$+00R^"H0*,"(*<)%A(+.0O%Y<))%-*.0+<'."(*b%X*.+<"*H0*.%"*%G/H0+"'<)%

&"H/)<."(*%<*:%XOM0+"H0*.1P%C25&(-&+"B+73%(0&%'%_2`%MM8%QaR771%9<*/<+B%233aD%

%



!"#$%&'()%&*+#,-./01'1./2#3.&#4#5671'#8133921./#:74;%+<#!"#$%&'(")*+),*-.+#/0#=.7"#>?@+#66#A>BCADD+#
>@@E"#

#

!"#$%&'()%&*+#!"#-4&7'./+#F"#84G12+#H"#I1//%+#,5671''1/*#.3#:.&J%0#F7716'1J#!%'2#4/0#:74;%2+<#1"%2)+.*"3*4#+5/*
62"7/&&()5*+),*-."8*9(&%+.(:+'(")+#=.7"#K+#66">KKC>LK+#>@@M;#

#

!"8"#I933+#N"H"#O.;64*%+#H"N"#I1//%#4/0#!"O"#$%&'()%&*+#,FP6%&1;%/'47#Q/J%&'41/'1%2#N22.J14'%0#R1'S#
T.2'CT&.J%221/*#.3#T4&'1J7%#U;4*%#=%7.J1;%'&V#WTU=X#Y42%0#N7*.&1'S;2+<##<=>/2(#/)'&*()*-.%(,&+#!"+#66"#
ALCKB+#>@@@"#

#

Z"#O"#N/0%&2./+#5"#H4S471/*4;#4/0#!"#$%&'()%&*+#,N#[R.C81;%/21./47#T74/4&#-.;69'4'1./47#
U/G%2'1*4'1./#.3#:74;%#Y&.40%/1/*#1/#-./31/%0#\./CT&%;1P%0#!%'2+<#

!"#$%&'(")*+),*-.+#/0###$+#66"#DAACDBE+*>@@@"#

#

-"]"#8%]&.33+#5"#YS4'1^4&+#!"#$%&'()%&*+#O"#5S4/042+#I"#=470%2C-&9(+#O"#H4S4_4/"#Q2%#.3#4&'131J147#/%9&47#
/%'R.&^2#'.#012J&1;1/4'%#)%'R%%/#1//.J%/'#4/0#64'S.7.*1J47#;9&;9&2"#
S''6`aaJ1&J"4S4_.9&/472".&*aJ*1aJ./'%/'a4)2'&4J'a>?AaDDaDE>>"#!(27%.+'(")+##%&WDDX+#66"#DE>>+#D???"#

#

O"#5S4/042+#-"#b%1/)%&*+#F"#\1J.7+#8"8"#UGV+#-"#8%]&.33+#!"#$%&'()%&*+#I"H"#=470%2C-&9("#,8%G%7.6;%/'#c3#
N#\./CU/G421G%#Q7'&42.9/0#-.7.&#HCH.0%#H%4/2#c3#F2'1;4'1/*#T97;./4&V#=42J974&#O%212'4/J%#U/#
T%014'&1J#T97;./4&V#$V6%&'%/21./`#\9;%&1J47#N/47V212<+#4)*?('2"#=47104'1./#4/0#T&%71;1/4&V#-71/1J47#
5'901%2+#!(27%.+'(")+##%'+#66"#@?MC@>A+#D??>"#

#

-"#b%1/)%&*+#!"#O"#$%&'()%&*+#O"#5S4/042#,Q'171'V#.3#U/'&4G42J974&#Q7'&42.9/0#'.#H%429&%#I.J47#
-.;6714/J%#.3#'S%#T%014'&1J#T97;./4&V#N&'%&V`#U/#=1'&.#5'901%2<#1"%2)+.*"3*'@/*A#/2(7+)*B"7(/'C*"3*
<7@"7+2,("52+>@C##(#W>DX#66"#>K?EC>K>B+#D??D"#

#

!"#-..^%+#!"O"#$%&'()%&*+#H"#Y.4&0;4/+#O"#5S4/042+#,-S4&4J'%&1(1/*#=.&'%P#O1/*#Y%S4G1.&#89&1/*#
=%/'&1J974&#:1771/*#R1'S#8.667%&#FJS.J4&01.*&46SV`##N/#U/#=1'&.#5'90V<#A))+.&*"3*D("#/,(7+.*<)5()//2()5;#
&!WDX+#66"#DBKCDKL+#D??B"#

#

["#T%4J.J^+#F"#Y&407%V+#!"#$%&'()%&*+#d"-"#I%%+#,:.&J1/*#4#674/4&#_%'#37.R#921/*#HFH5+<#<=>/2(#/)'&*()*
-.%(,&+#=.7"#AEW>X+#66"#DDCDM+#D??B"#

#



!"#$%&'()*'+,"-)./0$'12)3,/4*'5$67)8'9/)#6#:*';/)&'<'=/20-./2>*'?%&>@A$/&>'B//*'CD6,3/2@E88/7.,/3'

B)2>/'(+(D'F,)G8'H62'F,%"3'("I"&>C'J+++'52)&8)#0"6&8'6&'E3K)&#/3'9)#:)>"&>*'L6,'MN*'&6O'P*'E%>%80'

MQQP*'GG'MNR@MSNO'

'

=O@1O'T"7*';O'<O'=/20-./2>')&3'<O'D$)&3)8*''UV/K/,6G7/&0')&3'L),"3)0"6&'6H'+#$6'9JLW*'!"#$%&'$()*+&(+
,-.&/*0'JDDXYQSMP@ZRNZ*'V[JY'\QO\QQS]8QQPZR@QQP@QSZP@^O'J88%/Y'[&,"&/'F"280*'X6KO+MQQP1'=)23#6G4'L6,O'
PN_P`*'GGO'Z^^@ZNM*'MQQZO'

'

A)2,86&*'BO+'*'</"087)*'<OFO*'12)&3/7%/$,*'(O;O*'=/20-./2>*';O<O*'D%,,"K)&*';OFO')&3'a)..)23*'DOaO*'_MQQP`*'

+IG,6"0"&>')&'+&>"&//2"&>'2.&-/&(3')8')'b&"c%/'V"80)&#/'B/)2&"&>'566,*'4()$%(5)&6(5-+76.%(5-+68+
!(3&($$%&(3+!/.95)&6(O'L6,O'\d_P`*'GGO'PSd@PRRO'

'

1"2&.)%7'1*'[2,)&36*'eO*'D$)&3)8'<O*'=/20-./2>';O*'V/a26HH*'AO*'*'U[8#",,)0624'/K/&08'f"0$'80/)34'H,6f'

.6%&3)24'#6&3"0"6&8'"&'&%7/2"#),'8"7%,)0"6&8'6H'0$/'F6&0)&'6G/2)0"6&O*W'76.%(5-+:8+4(;$*)&35)&;$+
<$/&9&($'^M*'&6O'\'_;)&%)24'MQQZ`Y'D\SQ@D\SQO'''

=46%&>@1%7'T"7*';/)&'=/20-./2>*'A2)">'B)&&"&>*'<6."&'D$)&3)8*'UX6&@"&K)8"K/'7/)8%2/7/&0'6H'80/)34'

)&3'G%,8)0"&>'K/,6#"04'G26H",/8')&3'8$/)2'2)0/8'"&')20/2"/8'%8"&>'/#$6'9JLY'J&'K"026'K),"3)0"6&'80%3"/8*W'

=((5-*+68+2&6'$/&95-+!(3&($$%&(30'!"'_R`Y'\QNS@\QSN*'E%>%80'MQQZO'

'

;O<O'=/20-./2>')&3'EO'Df//07)&*'UE'A6%28/'"&'F,6f'L"8%),"-)0"6&Y'0$/'E20')&3'9$48"#8'6H'F,%"3'F,6f*W''

MQQZ'ED++'E&&%),'A6&H/2/&#/'926#//3"&>8'_2/K"/f/3`*'GGO'MZZd@MZ^dO'D/88"6&'g'MZRQO'U1/80'9)G/2'6H'

9JA'JJJW'h\QQQ')f)23'$00GY]]fffO#6,62)36O/3%](A+X]H,6fK"8]ED++G)G/2OG3HO'

'

(%:3)3"*'[O(Oi'=46%&>@1%7'T"7i'=/20-./2>*';Oi'D$)&3)8*'<O*'UX%7/2"#),'763/,"&>'6H'7"#26.%..,/'

.)#:8#)00/2'06'6G0"7"-/'%,02)86%&3'G)20"#,/'"7)>/'K/,6#"7/024'"7)>"&>Y'"&"0"),'80%3"/8*W'>-)%5*6(&9**'#"'
_\Q`*'GGO'\\\\@M\*'MQQZO'

'

e/"&./2>*'AO+O*''=/20-./2>*';O<O*'JK4*'VO*''T"2.4*'TO'DO*'A$)&*'TOAO*'L),3/8@A2%-*'BO*'D$)&3)8*'<O*'U+I02)#0"6&'

6H'9%,76&)24'L)8#%,)2'A67G,")&#/*'9%,76&)24'L)8#%,)2'</8"80)&#/*')&3'<">$0'L/&02"#%,)2'e62:'F267'

D"&>,/@92/88%2/')&3'V6GG,/2'F,6f'(/)8%2/7/&08'"&'A$",32/&'e"0$'9%,76&)24'=4G/20/&8"6&Y')'X/f'

(/0$63'H62'+K),%)0"&>'</)#0"K"04'J&'L"026')&3'A,"&"#),'D0%3"/8*W'?&%9.-5)&6(*'$$%*'GGO'MNQd@MN\S*'MQQZO'

'

966&*'(O*'5633*';O*'X/",86&*'<O*'a2)#/*'VO*'=/20-./2>*';O*'UD)HH7)&@5)4,62'J&80).","04'"&')'=/,/@D$)f'A/,,*W'

@AB*&9*+68+,-.&/**'$&_d`*'GGO'Dd*'MQQZO'a),,/24'6H'F,%"3'(60"6&'"7)>/O'

$00GY]]G6HO)"GO62>]G6H]>),,/24]G3H]MQQZ]Ddj\OG3H'

http://www.colorado.edu/MCEN/flowvis/ASEEpaper.pdf
http://pof.aip.org/pof/gallery/pdf/2004/S9_1.pdf


!

"#$%&'#$()!*+!,-.!/0##%1,-)!2+)!341,(#5!67!89:;.!8960<!2$%!,-.!=>?5;@5!'?!/%:.#-%5A!!"#$%&'(")(
*+,#&'+-&.+"%)!!!BCD)!EE+!FGHIFHC)!CJJH+!

!
K#L$677)!M+!N;$-',:1)!N+O!/>,-.,5)!P+O!Q$9,-.6)!R+O!"#$%&'#$()!*+!3M61E:%,%;6-,9!5;1:9,%;6-5!67!%>#!%6%,9!
@,S6IE:916-,$?!@6--#@%;6-<!;-5;(>%5!;-!6E%;1;&;-(!-:1#$;@,9!569:%;6-5A!/01+2&'(3%4+%00$+%4(5(678,+2,)!
"#$CD)!EE!FTHIGU)!CJJH!

!
V>#-()!",;$6-(O!W:X.,.;)!Q5,1,O!Y;1)!"?6:-(':1O!"#$%&'#$()!*#,-!P+O!/>,-.,5)!P6';-!32.S,-%,(#5!;-!
:5;-(!1:9%;7$#Z:#-@?!#[@;%,%;6-!67!@6-%$,5%!1;@$6':''9#5!76$!#->,-@;-(!#@>6!E,$%;@9#!;1,(#!S#96@;1#%$?!
%#@>-;Z:#5<!4-;%;,9!-:1#$;@,9!5%:.;#5!:5;-(!$#@%,-(:9,$!,-.!%$;,-(:9,$!0,S#5%(9'.$&,"#%1(+%(/01+2+%0(&%1(
:+"'"48)!&'BFD)!EE!\\IFJ])!CJJH+!

=+!W;99#$)!Y+!K,-;#956-)!L+W66.?)!2+/9;7X,)!^+K$#[9#$!,-.!*+"#$%&'#$(!3W,%@>;-(!;-.#[!67!$#7$,@%;6-!:5;-(!
,!.;#%>?9!E>%>,9,%#_#%>,-69!569:%;6-!76$!;-!S;%$6!@,$.;6S,5@:9,$!16.#95+!^[E#$;1#-%5!;-!89:;.5)!Q-9;-#!
8;$5%!#.;%;6-)!*:-#!CJ)!CJJU)!KQ4<!FJ+FJJ`_5JJTG]IJJUIJFGUIH)!>%%E<__.[+.6;+6$(_FJ+FJJ`_5JJTG]IJJUI
JFGUIH+!",$.@6E?<!GF<T`HIT]F)!CJU+!

V>#-()!",;$6-(O!!a;:)!a;-(9;O!R;99;,15)!a+O!"#$%&'#$()!*+P+O!a,--;-()!M+O!/>,-.,5)!P+!3P#,9!%;1#!
1:9%;@61E6-#-%!#@>6!E,$%;@9#!;1,(#!S#96@;1#%$?!%#@>-;Z:#!76$!6E,Z:#!7960!;1,(;-(A(;<<'+01(678,+2,(
=0..0$,)!S!]])!-!CU)!CU!*:-#!CJJU)!E!CUF\FHIFIT!>%%E<__5@;%,%;6-+,;E+6$(_b6:$-,95_.6@_2==a2NI
7%_S69c]]_;55cCU_CUF\FHcF+>%19!

P+R,-()!Y+":-%#$)!*+"#$%&'#$()!8+a,@6:$IL,?#%)!P+/>,-.,5+!32!d6S#9!W;@$6,[;,9!e#-6:5!255;5%!K#S;@#!76$!
^->,-@;-(!=:916-,$?!8960!,-.!P#.:@;-(!e#-6:5!=$#55:$#!0;%>;-!%>#!f6%,9!M,S6E:916-,$?!M6--#@%;6-<!
M61E:%,%;6-,9!89:;.!K?-,1;@!/%:.;#5A+!!"#$%&'(")(.70(;>0$+2&%(?"''040(")(?&$1+"'"48)!eG)!EE+CT]!BCJJUD!

d+!P655)!^+!N$,.9#?)!,-.!*+!"#$%&'#$()!gK?-,1;@5I4-76$1#.!K,%,!255;1;9,%;6-!;-!,!h:,9;%,%;S#!89:;.5!
W6.#9)gCJ%>!4-%#$-,%;6-,9!R6$X5>6E!6-!h:,9;%,%;S#!P#,56-;-()!CJJU!
>%%E<__000+@5+.,$%16:%>+#.:_iZ$JU_E,E#$5_$655I'$,.9#?I>#$%&'#$(IZ$JU+E.7!+!d6%#<!%>;5!;5!,!>;(>9?!
$#S;#0#.!,-.!@61E#%;%;S#!@6-7#$#-@#+!

P+R,-()!8+a,@6:$IL,?#%)!M$,;(!*+!a,--;-()!N+2+!P#@>)!=+*+!Y;976;9)!*+"#$%&'#$()!P+/>,-.,5+!34-;%;,9!
^[E#$;#-@#!0;%>!%>#!K#S#96E1#-%!,-.!d:1#$;@,9!,-.!4-!e;%$6!/%:.;#5!67!2!d6S#9!a60I=$#55:$#!2$%;7;@;,9!
P;(>%!e#-%$;@9#!76$!=#.;,%$;@!86-%,-!=,%;#-%5A+!;@;AB(!"#$%&')!S!HC)!-!U)!d6S#1'#$_K#@#1'#$)!CJJU)!E!
U]CIU\C!KQ4<!FJ+FJ\`_JF+1,%+JJJJCG\JT]+U\JG]+T@!

P#,.)!f;16%>?O!a,.%X60)!f,--#$O!8,'$;)!2-.$#,O!"#$%&'#$()!*#,-!3N#,.;-(!jEA+!678,+2,(")(C'#+1,)!S!F\)!-!
\)!/#E%#1'#$)!CJJ`)!E!J\FFJH+!KQ4<!FJ+FJUT_F+C``HGJ`+!>%%E<__9;-X+,;E+6$(_9;-X_k="8a^U_F\_J\FFJH_F!

8:b;5,0,)!d+)!e#$>6#@X[)!W+)!K,';$;)!K)!L>,$;')!W+!,-.!"#$%&'#$()!*+!3P#@#-%!=$6($#55!;-!8960!
e;5:,9;&,%;6-!f#@>-;Z:#5!f60,$.!%>#!L#-#$,%;6-!67!89:;.!2$%)A!!"#$%&'(")(*+,#&'+-&.+"%)!S!FJ)!-C)!E!FUTI
F`J)!CJJ`+!>%%E<__000+b6S+bE_E.7_e69FJcd6C_P#(:9,$cE,E#$_8:b;5,0,+E.7!

http://dx.doi.org/10.1007/s00348-006-0146-5
http://dx.doi.org/10.1007/s00348-006-0146-5
http://scitation.aip.org/journals/doc/APPLAB-ft/vol_88/iss_26/261915_1.html
http://scitation.aip.org/journals/doc/APPLAB-ft/vol_88/iss_26/261915_1.html
http://link.aip.org/link/?PHFLE6/19/091105/1


!"#$%&'()*'$"+%!,($%-,)./0,)1+%($*%23'/(0,.#%4)(*3,5+%67%8(3'0)(.'"$%9)"8,*:),%;")%<'33'<,.,)=>8(3,%
>.,),"<'8)">8"9'8%9().'83,%'<(1,%?,3"8'<,.)5+@%!"#$%&'$()*+&(+,-.&/*%AB%CDEEFGH%IEJK=IEAB+%
*"'HIELIEEKM>EEJAF=EEF=EBDB=IL%%%

NLNL%N':+%OLPL%P:Q*(*'+%PLRL%S)'99+%TLUL%-,))<($$+%!LVL%-,)./0,)1+%WLPL%&,")1,+%XLPL%4)'1#.+%($*%VL%
W#($*(>+%67."<'8%3(5,)%*,9">'.'"$%;")%;(0)'8(.'$1%8(9(8'.'?,%<'8)"<(8#'$,*%:3.)(>"$'8%.)($>*:8,)>H%
'$'.'(3%8#()(8.,)'/(.'"$@+%0$(*1%*+2(/+32)$%&2-*+%DE+%$"L%I%CDEEFGH%IB=JAL%

NLNL%N':+%-LVL%Y#,$1+%UL%Y#($1+%NLZL7L%['33'(<>+%!LVL%-,)./0,)1%($*%VL%W#($*(>+%\Z,?,3"9<,$.%";%(%8:>."<%
*,>'1$,*%,8#"%9().'83,%'<(1,%?,3"8'<,.)5%>5>.,<%;")%<:3.'=8"<9"$,$.%#,<"*5$(<'8>%<,(>:),<,$.H%
>5>.,<%8#()(8.,)'/(.'"$%($*%'$'.'(3%,]9,)'<,$.>\+%456*&7*+&(+3$/&7&($+2(/+8&1-196+%X"3:<,H%BJ%%%%^>>:,H%
B%%%%_(1,>H%IJ`K=IAID%%CDEEFGL%

['33'(<%R,)a'$+%Z(?'*%Oa,$>+%!,($%-,)./0,)1+%V"0'$%W#($*(>+%2*a()*%&'33+%6X").,]%V'$1%U")<(.'"$%'$%
Z'(>."3'8%Z5>;:$8.'"$H%_#(>,%T"$.)(>.%PV^%";%N,;.%X,$.)'8:3()%U'33'$1@%_">.,)%IJKK+%4,>.%_">.,)%'$%U3"a%
($*%P".'"$%8(.,1")5+% ^$.,)$(.'"$(3%W"8',.5%;")%
P(1$,.'8%V,>"$($8,%'$%P,*'8'$,+%S")"$."+%T($(*(+%J=`%P(5%DEEFL%

b(.(3',%V">>+%!,($%-,)./0,)1+%($*%23'/(0,.#%4)(*3,5+%6Z'>8),.'/(.'"$%";%.#,%?").'8'.5%;',3*%";%(%93($()%c,.+@%
!"#$%&'$()*+&(+,-.&/*%CA+%DEIEG+%#..9HMMaaaL>9)'$1,)3'$QL8"<M'$*,]MIELIEEKM>EEJAF=EIE=EFdD=FL%%%

P,1%X($W8'?,)+%W#,335%NL%P'33,)+%($*%!,($%VL%-,)./0,)1+%6_().'83,%^<(1,%X,3"8'<,.)5%";%-:<($%T":1#+@%
:$%1*1-+07&$(7$+2(/+;$75(1-196%AB+%$"L%J%CP()8#%DEIIGH%AIBL%ZO^HIELIEFEMEDKFdFDdLDEIELBADKFB%

!,($%-,)./0,)1+%4('3,5%N,99,Q+%($*%R()(%&)(5+%67..'.:*,>%S"a()*>%U3:'*>H%.#,%^<9(8.%";%U3"a%
X'>:(3'/(.'"$@%II`.#%7W22%7$$:(3%T"$;,),$8,%($*%2]9">'.'"$+%W($%7$."$'"+%SeL+%!:$,%IE%=%IJL%V,?',a,*L%
CDEIDGL%

U,$>.,)+%4),..%2L+%!"58,%ZL%W8#)",*,)+%!,($%VL%-,)./0,)1+%($*%!"$(.#($%-L%T#:$1L%6A=Z'<,$>'"$(3%T()*'(8%
P(1$,.'8%V,>"$($8,%'$%(%_(.',$.%['.#%4'8:>9'*%_:3<"$'8%X(3?,H%T#()(8.,)'/(.'"$%";%_">.=W.,$".'8%U3"aL@%
<+:'+=1--+=2%/&1-%B`+%$"L%DB%C!:$,%I`+%DEIDGH%,A`L%

!(<,>%P8b,'33+%!,($%-,)./0,)1%+%($*%Y#'f'($%C!"#$G%Y#('+%6U',3*%P,(>:),<,$.>%";%S#,)<(3%T"$*'.'"$>%
Z:)'$1%W:)1'8(3%_)"8,*:),>%;")%.#,%Z,?,3"9<,$.%";%TUZ%4":$*()5%T"$*'.'"$>%CV_=IJ`KG+@%:0>?:!+
;%2(*27)&1(*%IIF+%$"L%D%CO8."0,)%DEIDGH%B`d=dE`L%%

!(<,>%P8b,'33+%!,($%-,)./0,)1+%($*%Y#'f'($1%C!"#$G%Y#('L%62]9,)'<,$.(3%^$?,>.'1(.'"$%";%O9,)(.'$1%V""<%
7')%Z'>.)'0:.'"$%'$%(%U:33=W8(3,%N(0")(.")5%T#(<0,)%g>'$1%_().'83,%^<(1,%X,3"8'<,.)5%($*%U3"a%
X'>:(3'/(.'"$L@%<1.%(2-+1@+,-1A+=1()%1-B+3$2*.%$'$()+2(/+C&*.2-&D2)&1(%I+%$"L%I%C79)'3%DEIJGH%DAhJDL%
*"'H#..9HMM*]L*"'L")1MIELADJdMDKdEEEBL%

%

U,$>.,)+%4),..+%!(<,5%4)"a$'$1+%7:),3',$%UL%W.(3*,)+%T#)'>."9#,)%&3',3<'+%N")'%W'3?,')(+%!L%RL%4:8Q$,)+%73,]%
R3:'0,)+%!"58,%ZL%W8#)",*,)+%($*%!,($%-,)./0,)1L%6X").'8'.5%;")%.#,%7>>,>><,$.%";%V'1#.%X,$.)'8:3()%

http://www.springerlink.com/index/10.1007/s00348-010-0862-8


!"#$%&'"()!*$+,-(%"&-).$"-/)0!)1'&2)34567)!"#$%&'(")(*&$+,"-&./#'&$(0&1%23,/(42."%&%/2)89:)-&6);,<<')
8)=>#-,#?*)@A:)BA8@CD)EF6)G&"D8A688FHI89@BJ0BKLJ89J;8JEF6)

>M#-)NM?%OPM?/:)Q?M%%)1M-$%M?:)>#RM*)Q?&2-"-/:)#-G)>&*(M);(S?&MGM?6)TU<<'"(#%"&-);<&%'"/S%D)E3V)
U<<'"MG)%&)3#?G"#()1'&267)W-)5'#,+(02/6&%,/.(5#%+&72%3&'.(&%+(899',/&3,"%.:)</)08H6)B-G)MG6)4(X?#2J
N"'');("M-(MIY-/"-MM?"-/I4#%S:)BA8@6)

)

4(Z,"''#-)Q:)NM?%OPM?/)>:)4&-%&*#)[!:)1'&2)V"$,#'"O#%"&-);%,G*)&+);*-%SM%"()1'&2)3&-%?&')"-)%SM)W-G&&?)
Y-\"?&-RM-%:):#,'+,%1(&%+(;%-,$"%72%3)=BA80C:)G&"D)8A68A8HI)

]6P,"'GM-\6BA8@68B6AAB)

)

^#-)_#-:)!#?M-)`#-/:)`M")_#-:)a,?%);%M-R#?b:)>M#-)NM?%OPM?/:)#-G)aMG#'')N,-%M?6)TU?%M?*);%"++M-"-/)
W-G,(M$)!&2-$%?M#R)Y-G&%SM'"#')W-+'#RR#%"&-)\"#)#)_[5BIc1JbQ)E#%S2#*67)<=">(?@;)$,PR"%%MG)
=;M<%MRPM?)8F:)BA8@C6)

)

!"#$$%&'()&*%"%&+%',-.%"/'-&0'1%.)"$/'23)&4"%*%"%%05''
)

46)_S&?-%&-:)E6)4#'%M:)E6)a#RPM?)#-G)>6)NM?%OPM?/:)T3&RP,$%"&-)&+)`&&G)V&'#%"'M$:7)`M$%M?-);%#%M$)
;M(%"&-:)3&RP,$%"&-)W-$%"%,%M:)E#<M?)@8JF8:)8KF86)

)

>6)NM?%OPM?/:)[6)_#'P&%:)TE?MR"dMG)1'#RM);%#P"'"O#%"&-)&-)#)Q',++)Q&G*:7)E#<M?)FHJBB:)`M$%M?-);%#%M$)
;M(%"&-:)3&RP,$%"&-)W-$%"%,%M:)1#'')8KFH)4MM%"-/6))

)

>6)NM?%OPM?/:)3646)N&:)TQMS#\"&?)&+)3&-+"-MG);SM#?)[#*M?$)"-)#)5M(%#-/,'#?);,GGM-)Yd<#-$"&-:7)<#<M?)
<?M$M-%MG)#%)@?G)W-%e')3&-/?M$$)&-)1',"G)4M(S#-"($:)3#"?&:)Y/*<%:)>#-6)8KKA6)

)

>6)NM?%OPM?/:)3646)N&:)T_"RM)U\M?#/MG)@G)1'&2)"-)#)5M(%#-/,'#?);,GGM-)Yd<#-$"&-:7)E#<M?)K8JAA0A)#%)
%SM)UWUU)BK%S)UM?&$<#(M);("M-(M$)4MM%"-/:)5M-&:)>#-6)8KK86)

)

>6)NM?%OPM?/:)#-G)3646)N&:)TES#$M)[&(bMG)VM'&("%*)4M#$,?MRM-%$)"-)#)5M(%#-/,'#?);,GGM-)Yd<#-$"&-:7)
E?&(MMG"-/$)&+)%SM)W-%e');*R<6)&-)E,'$#%"-/)3&RP,$%"&-:)4&-%M?M*:)3U:)U,/,$%)8KK8:)$<&-$&?MG)P*)
;#-G"#)c#%"&-#')[#P$)#-G)%SM)X#$)5M$M#?(S)W-$%"%,%M6)

)

E6)fR#?O'*:)>656)NM?%OPM?/:)>6`6)!#"'*:)T[!V)4M#$,?MRM-%$)&+);"'"(#)E#?%"('M$)"-)#-)Y'M(%?"()1"M'G)Y-S#-(MG)
g,%$"GM)V#<&?)!M<&$"%"&-)1'#RM:7)E#<M?)K@JAF9:)`M$%M?-);%#%M$);M(%"&-)3&RP,$%"&-)W-$%"%,%M)1#'')



!""#$%&'()*+(+%#",%-#$.%-/'(01#.2",(34456(7/8.(9"%#",(:.,(9.;2<8#$.%(*"8"-,1=(>99*?(*"@.,#(A.6(99*(
45BCD'(E%$F",8$#G(.:(9./.,-H.'(I.</H",'(34456(

(

*6J6(!1J<::$%'(I6K6(L"$/",'(M6(L",#N2",&'(M6O6(P-$/G'(M6Q6(!1R$%%.%'(S9.;2<8#$.%(.:(L$&=(T%",&G(U<"/8'V(
K-@",(O))W9+(4XBCXC'(O"8#",%()#-#"8()"1#$.%W9.;2<8#$.%(+%8#$#<#"()@,$%&(!""#$%&'(E%$F",8$#G(.:(
9-/$:.,%$-'(P-F$8'(!-,1=(Y3BYY'(344X6(7/8.(99*(*"@.,#(A.6(4XBC36(

(

M6(L",#N2",&'(J6(U$"1=#%",'(P6()=-":",'(76(R-,-%HG8N.Z8[$'(!6(U.8#",'(S7(I$:<,1-#"H(P$::<8$.%(U/-;"'V(
K-@",(O))W9+(4XBCX\'(O"8#",%()#-#"8()"1#$.%W9.;2<8#$.%(+%8#$#<#"()@,$%&(!""#$%&'(E%$F",8$#G(.:(
9-/$:.,%$-'(P-F$8'(!-,1=(Y3BYY'(344X6(7/8.(99*(*"@.,#(A.6(4XBC56(

(

Q6]6(9=-%&'(M6*6(L",#N2",&'(R6(9"%#",'()6(!-=-/$%&-;'(*6(R",,(S^.,#"_(PG%-;$18($%(9.;@-1#(O-8#"(
+%1$%",-#.,8'V(O.,[B+%BK,.&,"88(K.8#",(K,"8"%#-#$.%'(Y`#=(+%#",%-#$.%-/()G;@.8$<;(.%(9.;2<8#$.%'(E9(
+,F$%"'(M</G(53B7<&<8#(`'(344X6(U<//(@-@",'(99*(*"@.,#(A.6(4XBCa6(

(

M6(L",#N2",&'(M6O6(P-$/G'(M6Q6(!1R$%%.%'(*6J6(!1J<::$%'(T6M6(K.</$%'(76I6(I$,H'(

S9.;2<8#$.%(.:(L$&=(T%",&G(U<"/8'V(K,.1""H$%&8(.:(#="()"F"%#=(0A*(K,.@</8$.%(!""#$%&'(@@6(3X`B3`Y'(
)EA](I<::-/.'(7<&<8#(344X6(7/8.(99*(*"@.,#(A.6(4XBCX6(

(

M6(L",#N2",&'(!6(b$%%"'(SQ=,""BP$;"%8$.%-/(U/.Z($%(-(!$1,.&,-F$#G(P$::<8$.%(U/-;"'V(Q=$,H(+%#",%-#$.%-/(
!$1,.&,-F$#G(9.;2<8#$.%(9.%:","%1"'(9/"F"/-%H(0L'(7@,$/(33B35'(344`'(A7)7(9.%:","%1"(K<2/$1-#$.%(
3C3DX'(@@6(5a5B5a\6(7/8.(99*(*"@.,#(A.6(4`BC36(

(

R6(7%H",8.%'(Q6(9=-%&'(R6(9"%#",'(M6(L",#N2",&'()6(!-=-/$%&-;'(*6(R",,'(S^.,#"_(PG%-;$18($%(9.;@-1#(
O-8#"(+%1$%",-#.,8'V((U$:#""%#=(+%#",%-#$.%-/(9.//.c<$<;(.%(#="(PG%-;$18(.:(T_@/.8$.%8(-%H(*"-1#$F"(
)G8#";8'(K,.1""H$%&8(@@6(YDCBYD5'(E%$F",8$#G(.:(9./.,-H.'(I.</H",'(7<&<8#(344`6(

(

*6(!1J<::$%'(T6(K.</$%'(76(I$,H'(M6(P-$/G'(M6(L",#N2",&'(S9.;2<8#$.%(+%8#-2$/$#G($%(-(P<;@(9.;2<8#.,'V(
U$:#""%#=(+%#",%-#$.%-/(9.//.c<$<;(.%(#="(PG%-;$18(.:(T_@/.8$.%8(-%H(*"-1#$F"()G8#";8'(K,.1""H$%&8(
@@6(YD\BY\3'(E%$F",8$#G(.:(9./.,-H.'(I.</H",'(7<&<8#(344`6(

(

M6(L",#N2",&'(M6(P-$/G'(M6(Q6(!1R$%%.%'(*6(!1J<::$%'(T6(K.</$%'(76(I$,H'(ST::"1#(.:(+%1,"-8"H(T%",&G(*"/"-8"(
.%(9.;2<8#$.%(9=-,-1#",$8#$18(-%H(-%(72(+%$#$.()#<HG(.:(P$=GH,.2"%NF-/"%"(+8.;",$N-#$.%'V(K,.1""H$%&8(
.:(#="(T$&=#=(7%%<-/(0::$1"(.:(A-F-/(*"8"-,1=(K,.@</8$.%(!""#$%&'(@@6(YXYBY`3'(E%$F",8$#G(.:(9-/$:.,%$-(
-#()-%(P$"&.'(01#.2",(33B35'344`6(7/8.(99*(*"@.,#(A.6(4`BCX6(



!

"#!$%&'()*%+!"#!,'%-'(+!.#!/01023%405+!6#!7'(-89'(4+!:;<<'=-)!*<!$=-3>'!?*(=3%4!*%!@*%AB('53C'&!
,*59D)-3*%!3%!,*<2*E3%4!6'-)+F!$G$$!HIAJKLK+!MN-1!$'(*)O0='!.=3'%=')!/''-3%4!0%&!;C1393-+!60%D0(P!QLA
QR+!QHHI+!S'%*+!@T#!$2)*!,,S!S'O*(-!@*#!HIAJU#!

!

"#!,'%-'(+!"#!$%&'()*%+!.#!/01023%405+!6#!7'(-89'(4+!:.35D20-3*%!*<!S'0=-3%4!T*(-'C!.-(D=-D(')!V3-13%!0!
,*%<3%'&!W*503%+F!$G$$!HIAJKJH+!MN-1!$'(*)O0='!.=3'%=')!/''-3%4!0%&!;C1393-+!60%D0(P!QLAQR!QHHI+!
S'%*+!@T#!$2)*!,,S!S'O*(-!@*#!HIAJM#!

!

S#X#!/=XD<<3%+!;#6#!B*D23%+!6#V#!W032P+!6#S#!7'(-89'(4+!:;<<'=-!*<!;%'(4P!S'2'0)'!*%!,*59D)-3*%!
G%)-09323-P+F!B0O'(!@D59'(!V..!HI.AJQN+!.O(3%4!/''-3%4!V')-'(%!.-0-')!.'=-3*%!Y!-1'!,*59D)-3*%!
G%)-3-D-'+!Z'5O'+!$[+!/0(=1+!QHHI#!$2)*!,,S!S'O*(-!@*#!HIAJN#!

!

6#!W#!\D<<+!$#!/#!S*5O04'+!/#!$#!\3%%'+!6#S#!7'(-89'(4+!:]%='(-03%-3')!$))*=30-'&!E3-1!-1'!B*)-AB(*='))3%4!
*<!UAW!B0(-3=2'!G504'!T'2*=35'-(P!^BGT_!T'2*=3-P!W0-0!*<!]%)-'0&P!?2*E!?3'2&)+F!B0O'(!@D59'(!V..!HI.A
JJL+!.O(3%4!/''-3%4!V')-'(%!.-0-')!.'=-3*%!Y!-1'!,*59D)-3*%!G%)-3-D-'+!Z'5O'+!$[+!/0(=1+!QHHI#!

!

S#X#!/=XD<<3%+!;#6#!W0>3)+!6#V#!W032P+!6#S#!7'(-89'(4+!:;<<'=-!*<!;%'(4P!S'2'0)'!*%!,*59D)-3*%!
G%)-09323-3')+F!B(*=''&3%4)!*<!-1'!@3%-1!$%%D02!`<<3='!*<!@0>02!S')'0(=1!B(*OD2)3*%!/''-3%4+!.'O-'59'(!
HAQU+!QHHI+$(23%4-*%!T$+!OO#!UNMAULM#!

!

"#S#!$%&'()*%+!"#a#!,'%-'(+!6#S#!7'(-89'(4+!.#!/01023%405+!:.35D20-3*%!*<!@*%AB('53C'&!$=-3>'2P!?*(='&!
T*(-3=02!.-(D=-D(')!V3-13%!0!,*%<3%'&!W*503%+F!!B0O'(!HI?AQJK+!?022!/''-3%4!V')-'(%!.-0-')!.'=-3*%!Y!
-1'!,*59D)-3*%!G%)-3-D-'+!`=-*9'(!URAUH+!QHHI+!]%3>'()3-P!*<!.*D-1'(%!,023<*(%30+!\#$#+!,$#!

!

6#!,0(2-*%+!6#!S#!7'(-89'(4+!/#!.=1E3'-'(50%!0%&!/#!\3%%'+!:.O23--3%4!*<!0%!$C3022P!;C=3-'&!6'-!W3<<D)3*%!
?205'+F!B(*=''&3%4)!*<!-1'!?3()-!G%-'(%0-3*%02!.P5O*)3D5!*%!?2*E!T3)D02380-3*%!0%&!G504'!B(*='))3%4+!
T*2D5'!U+!OO#!LULALMJ#!7*%*2D2D+!70E033+!?'9(D0(P!UMAUI+!QHHK#!.O*%)*('&!9P!-1'!B0=3<3=!,'%-'(!*<!
Z1'(502A?2D3&)!;%43%''(3%4#!$2)*!,,S!S'O*(-!@*#!HIAJR#!

!

6#!7'(-89'(4+!6#!,0(2-*%+!/#!.=1E3'-'(50%+!;#!W0>3)+!;#!a(0&2'P+!:.O23--3%4!*<!?*(='&!;223O-3=!6'-)!0%&!
?205')+F!?*D(-1!G%-'(%0-3*%02!/3=(*4(0>3-P!,*59D)-3*%!V*(b)1*O+!,2'>'20%&+!`7+!/0P!QHAUQ+!QHHK#!
@$.$!,*%<'('%='!BD923=0-3*%!QJQHN+!OO#!QMLAQNJ#!

!



!"#$%&'())(*%+,#-"#./0*%123,#."#4(556,#7"#0*%)1&5,#7"#86%19:6%;,#<-=>#.6*?'%6@651?#(5#*5#A/&'?1(/*))3#
B&%/6+#A?3@@61%(/#761#B)*@6C,#DE12#A=AA#A6%&?F*/6#G/(65/6?#.661(5;#*5+#HI2(:(1,#J65&,#K>,#7*5'*%3#
LLMLN,#LOOO#

#

7"0*%)1&5,#7"#86%19:6%;,#P"#B&6%?16%,#."4(556,#<G(+6#761#B&%@*1(&5#*5+#GF)(1#B)*@6?,C##B(%?1#=516%5*1(&5*)#
G3@F&?('@#&5#!'%:')65/6#*5+#G26*%#B)&Q#-265&@65*,#G*51*#R*%:*%*,#0A,#G6F16@:6%#LSMLT,#LOOO"#
-%&/66+(5;?U#R*56%V66#*5+#H*1&5,#6+(1&%?,#R6;6))#8&'?6#-':)(?26%?,#FF#SWEMSLS"#

#

0&&X6#7,#86%19:6%;#7,#4*55(5;#0,#*5+#G2*5+*?#J"#<HYY6/1?#&Y#>6)&/(13#8(?1&%3#&5#>&%16I#02*%*/16%(?1(/?#(5#*#
.(1%*)#B)&Q#.&+6)C,#-%&/66+(5;?#&Y#=0..RMLLU#=516%5*1(&5*)#0&5Y6%65/6#&5#.6/2*5(/?#(5#.6+(/(56#*5+#
R(&)&;3,#AF%()#SMT,#SWWW,#.*'(,#8*Q*((,#FF"#LWLMLWD"#

#

J"#G2*5+*?,#7"#86%19:6%;,#7"#0&&X6,#."#R&*%+@*5"#<46Y1#>651%(/')*%#B())(5;#$35*@(/?U#-*%1(/)6#=@*;6#
>6)&/(@61%3#*5+#Z)1%*?&'5+#0&)&%#.M.&+6#=@*;(5;C#AG.H#=51[)#.H#0&5;%6??#*5+#HIF&,#K\,#K\#LL]LLM
LL]L^]SWWL"#

#

J"#G2*5+*?,#7"#86%19:6%;,#_B)&Q#>(?'*)(9*1(&5#&Y#126#0&:6#0651%(Y';*)#R)&&+#-'@F_#J6?6*%/2#J6F&%1,#
G6F16@:6%,#SWWL"#

#

H"#R%*+)63,#7"#86%19:6%;,#\"0#466,#`"0"#0*(,#!"#-6*/&/X,#A55'*)#J6F&%1#Y&%#KGBM=!JMWWaDWWN,#_A5#
=516%*/1(b6#HIF6%(@651*)]#K'@6%(/*)#G(@')*1(&5#G3?16@#Q(12#AFF)(/*1(&5?#1&#.H.G_#

#

H"#0&))(6%,#7"#86%19:6%;,#J"#G2*5+*?,#_J6;%6??(&5#*5*)3?(?#Y&%#b&%16I#%(5;#/2*%*/16%(?1(/?#+'%(5;#)6Y1#
b651%(/')*%#Y())(5;,_#J&/X3#.&'51*(5#R(&65;(566%(5;#G3@F&?('@,#0&FF6%#.15,#AF%()#SWWS"#!"#$%&"'()*
+'"%,'%-*.,-/01$%,/(/"#,2#!",#FF#DWEMDLL"##

#

c"#d%)*5+&,#7"#86%19:6%;,#J"#G2*5+*?#*5+#0"#$6e%&YY,#_J6b6%?6#Y)&Q#(5#/&@F)(*51#b6??6)?#*5+#(1?#
(@F)(/*1(&5?#Y&%#126#Y&51*5#F%&/6+'%6U##5'@6%(/*)#?1'+(6?_#J&/X3#.&'51*(5#R(&65;(566%(5;#G3@F&?('@,#
0&FF6%#.15,#AF%()#SWWL"*!"#$%&"'()*+'"%,'%-*.,-/01$%,/(/"#,2#!",#FF#DSLMDS^"#

#

8"R"#P(@,#7"J"#86%19:6%;#*5+#J"#G2*5+*?,#_$6b6)&F@651#&Y#*5#H08dM-=>#!6/25(f'6#*5+#>*)(+*1(&5#(5#-(F6#
B)&Q_,#-*F6%#=.H0HSWWSMDSST^,#RH$M>&)"#TD,#SWWS#A+b*5/6?#(5#R(&65;(566%(5;#AG.H#SWWS"##G6??(&5#
RH$LLA,#AG.H#=51g)#.6/2*5(/*)#H5;(566%(5;#0&5;%6??#*5+#G3@F&?('@,#K&b6@:6%#LEMSS,#K6Q#d%)6*5?,#
4A,#SWWS#

#



H.-B. Kim, J.Hertzberg, and R. Shandas “In vitro study of wall shear stress measurement using 
Echo-PIV technique”. 2003 ASME Summer Bioengineering Conference, June 25-29, Sonesta 
Beach Resort in Key Biscayne, Florida 
 
Shandas R, Kim HB, Hertzberg JR, Mukdadi O: An ultrasound based method for measuring 
multiple velocity components in opaque macro and micro flows, TRANSDUCERS '03. 12th 
International Conference on Solid-State Sensors, Actuators and Microsystems. Digest of 
Technical Papers (Cat. No.03TH8664), 2003, pt. 1, p 919-22 vol.1 
 
Shandas R, Kim HB, Hertzberg JR, DeGroff CG, Monet E, Valdes-Cruz LM: In Vivo Validation 
of the Echo-PIV Technique:  Animal and Clinical Studies, Proceedings of the ASME Summer 
Bioengineering Conference, 2003. 
 
Mukdadi O, Kim HB, Hertzberg JR, Shandas R: On the Enhancement of Ultrasound Backscatter 
from Microbubbles for Optimal Particle Image Velocimetry, Proceedings of the ASME Summer 
Bioengineering Conference, 2003. 
 
Weinberg CE, Hertzberg JR, Chan KC, Kirby KS, Valdes-Cruz LM, Shandas R: Evaluation of 
Pediatric Pulmonary Artery Input Impedance using Windkessel Models and Doppler Ultrasound: 
In Vitro and Clinical Studies, Proceedings of the ASME Summer Bioengineering Conference, 
2003. 
 
H-B Kim, J.R. Hertzberg, R. Shandas, “Echo PIV for flow field measurements in vivo,” Rocky 
Mountain Bioengineering Symposium, Fort Collins CO, April 2004 Biomedical Sciences 
Instrumentation, v 40, 2004, p 357-363. 
 
!"#$%&'()*$+%,(!"--./'(0"##1*,(2'$3/4563#(7"#,(8$9"/(:&./;.+,(<1./(21*%=91*4,(>:%3;'($-(?/(@"%*$(
A"%*.B(@.BC1(D"BB"/4(DB$E,F(8$GH'(A$3/%."/(6"$1/4"/11*"/4(:'#I$+"3#,(D$*%(J$BB"/+(JK,(LI*"B(MNNO!
"#$%&'#()*!+(#&,(&-!.,-/01%&,/)/#$,,(C(ON,(MNNO,(I(PQN5PQRS(

 
0&1/4,(2."*$/4,(A3H;.;",(K+.#.T(21*%=91*4,(<1./T(:&./;.+,(8$9"/(>L;C./%.41+("/(3+"/4(#3B%"5-*1U31/G'(
;*"C"/4(3B%*.+$3/;(-$*($I%"#"="/4(1G&$(I.*%"GB1("#.41(C1B$G"#1%*'(%1G&/"U31+F(8$GH'(A$3/%."/(
6"$1/4"/11*"/4(:'#I$+"3#,(D$*%(J$BB"/+(JK,(LI*"B(MNNO("#$%&'#()*!+(#&,(&-!.,-/01%&,/)/#$,,(C(ON,(MNNO,(
I(PVW5PVR(

(

X"3,(XSXS,(A3H;.;",(KSAST(21*%=91*4,(<S8ST(:&./;.+,(8S(L(#$;1B(+%3;'($-(G.I.G"%"C1(#"G*$#.G&"/1;(
3B%*.+$/"G(%*./+;3G1*+(-.9*"G.%1;(3+"/4(.%$#"G(B.'1*(;1I$+"%"$/(I*$G1++(8$GH'(A$3/%."/(6"$1/4"/11*"/4(
:'#I$+"3#,(D$*%(J$BB"/+(JK,(LI*"B(MNNO("#$%&'#()*!+(#&,(&-!.,-/01%&,/)/#$,,(C(ON,(MNNO,(I(WOM5WOYS(

(

21*%=91*4,(<S8S(./;(:E11%#./,(LS,(>L*%(L/;(Z&'+"G+[(L(DB$E(@"+3.B"=.%"$/(J$3*+1(L/;(K3%*1.G&(
\]I1*"1/G1,F(WW%&(?/%1*/.%"$/.B(:'#I$+"3#(K/(DB$E(@"+3.B"=.%"$/(

L343+%(^5WM,(MNNO,(_/"C1*+"%'($-(`$%*1().#1,(`$%*1().#1,(?/;"./.,(_:L(



!"#$%&'#()(*+#,-./#

#

0123#4#56)+7631'#0*)3#$#8*+9:;*+<'#=>6:);*92#?+)7>*@#AB9*+*1C6D+1ED1(6D#()+96D>*#6C)<*#F*>1D6C*9+@G#

..92#H39*+3)9613)>#B@C(1E6IC#%3#J>1K#L6EI)>6:)9613#

MI<IE9#NO.,'#,PPQ'#R36F*+E69@#1S#T19+*#")C*'#T19+*#")C*'#H376)3)'#RBM#

!"#$%&'#()(*+#,QU/#

#

V6>>6)C#B/#W*+K63'#=7K)+7#56>>'#0)E13#!11X*'#0*)3#8*+9:;*+<'#8*)92*+#!2>I7)'#$1;63#B2)37)E##AL1+96D69@#

HC)<63<#1S#"6)E91>6D#!)+76)D#H3S>1K#;@#42)E*O!139+)E9#&$H'G#4+1D**763<E#1S#92*#,PPQ#H===#H39*+3)9613)>#

B@C(1E6IC#13#?61C*76D)>#HC)<63<Y#J+1C#T)31#91#&)D+1'#M+>63<913'#LM'#RBM'#.-O.Z#M(+6>#,PPQ/#((/[PPO

[P[/##

#

8)6+13<#\2*3<'#%E)C)#&IX7)76'#8@1I3<#?IC#W6C'#0*)3#$/#8*+9:;*+<'#$1;63#B2)37)E'#AM7F)39)<*E#63#

RE63<#&I>96OJ+*]I*3D@#"+6F63<#91#=32)3D*#R>9+)E1I37#!139+)E9#&6D+1;I;;>*#T13O^63*)+696*E#S1+#

%(96C6:63<#=D21#4)+96D>*#HC)<*#L*>1D6C*9+@#_*D236]I*E'G#4+1D**763<E#1S#92*#,PPQ#H===#H39*+3)9613)>#

B@C(1E6IC#13#?61C*76D)>#HC)<63<Y#J+1C#T)31#91#&)D+1'#M+>63<913'#LM'#RBM'#.-O.Z#M(+6>#,PPQ#((/#-PPO

-P[/##

#

%E)C)#&IX7)76'#8@1I3<#?IC#W6C'#0*)3#$/#8*+9:;*+<'#$1;63#B2)37)E'#ATIC*+6D)>#&17*>63<#1S#

R>9+)E1I37#HC)<63<#RE63<#!139+)E9#M<*39E#S1+#4)+96D>*#HC)<*#L*>1D6C*9+@#H3#L6F1'G#4+1D**763<E#1S#92*#

,PPQ#H===#H39*+3)9613)>#B@C(1E6IC#13#?61C*76D)>#HC)<63<Y#J+1C#T)31#91#&)D+1'#M+>63<913'#LM'#RBM'#

.-O.Z#M(+6>#,PPQ/#((/-PQO-PU/##

#

^63<>6#^6I'#%E)C)#&IX7)76'#8@1I3<#?IC#W6C'#0*)3#$/#8*+9:;*+<'#$1;63#B2)37)E'#L6D91+#?+6<29'##AM91C6D#

^)@*+#"*(1E69613#S1+#J);+6D)963<#!)()D696F*#&6D+1C)D263*7#R>9+)E136D#_+)3E7ID*+EY#H3696)>#

!2)+)D9*+6:)9613'G#4+1D**763<E#1S#92*#,PPQ#H===#H39*+3)9613)>#B@C(1E6IC#13#?61C*76D)>#HC)<63<Y#J+1C#

T)31#91#&)D+1'#M+>63<913'#LM'#RBM'#.-O.Z#M(+6>#,PPQ/#((/#-.,O-.-/##

#

^/^/#^6I'#%/&/#&IX7)76'#!/J/#8*++C)33'#$/M/#B)+)F)3)3'#0/$/#8*+9:;*+<'#B/#&/#5*1+<*'#L/&/#?+6<29'#)37#$/#

B2)37)E'#AM#T1F*>#&*9217#S1+#J);+6D)963<#!)()D696F*#&6D+1C)D263*7#R>9+)E136D#_+)3E7ID*+E#K692#R>9+)O

_263#&*C;+)3*EG'#H===#R>9+)E136DE#)37#J*++1S+*]I*3D@#!139+1>#!13S*+*3D*'#&139+*)>'#!)3)7)'#((/QZUO

-PP'#Z`,PPQ#

#

0*)3#8*+9:;*+<'#M>*a#BK**9C)3'#AM+9#M37#42@E6DEY#M#J>1K#L6EI)>6:)9613#!1I+E*G#

M+9b&)92cd#H39*+3)9613)>#!13S*+*3D*#4+1D**763<E'#(<#.PQO.PZ/#?1I>7*+'#!%'#0I3*#,O-'#,PP-/#



!

"#$%!&#'()*#'+,!-.#/!01##(2$%,!342$+5%+!67'!(8#!97:#!76!;.<5=!;.71,>!0?$'(@A!0?5#%?#!$%=!-'(!
4%(#'%$(57%$.!0B2C7D5<2!E@(8F!G#1!H'<%D15?I,!G",!"<%#!JKLJM,!MKKN!

!

O$<.!P5..#',!Q<'(!R$%5#.D7%,!"#$%!&#'()*#'+,!-%=B!0.56I$,!S.5)$*#(8!R'#/.#',!T$.$%!P77=B,3!UD5%+!R5#(8B.!
O8(8$.$(#V!S(8$%7.!07.<(57%!67'!4%!W5('7!X$'=57:$D?<.$'!P7=#.D>!O7D(#'!4LYY,!;5%$.5D(!67'!H#D(!
U%=#'+'$=<$(#!O$C#'Z!-0PS!MKKN!0<22#'!H57#%+5%##'5%+!X7%6#'#%?#Z!"<%#!MMLM[,!W$5.,!X\Z!

!

]<5!^$%+,!"#$%!&#'()*#'+,!]7*5%!08$%=$D,!3-!G<2#'5?$.!0(<=B!\6!W7'(#/!;.71!R<'5%+!W#%('5?<.$'!;5..5%+>!
-0PS!MKKN!0<22#'!H57#%+5%##'5%+!X7%6#'#%?#Z!!"<%#!MMLM[,!W$5.,!X\Z!

!

"$2#D!G$*5(B,!0#$%!]77%#B,!"78%!R$5.B,!S'5?!"78%D7%!$%=!"#$%!&#'()*#'+!3-%!S.#?('7D($(5?$..B!-?(<$(#=!
PSP0!;<#.!4%_#?(7'!(7!S%8$%?#!971LO'#DD<'#!-(725)$(57%,>!!"##$%&'"()"*)+$%,('%-#).-/$01)2)33&,)4544)
4$0"1/-%$)6%'$(%$1)7$$&'(8,!:!J`,!MKK[,!C!a[bYLa[Y`Z!

!

]Z^$%+,!]Z08$%=$D,!QZ&<%(#',!XZ9$%%5%+,!"Z&#'()*#'+,!;Z9$?7<'LT$B#(Z!3R#D5+%!$%=!?72C<($(57%$.!
D(<=5#D!76!-!G7:#.!P5%5$(<'#!W#%7<D!-DD5D(!R#:5?#!67'!(8#!;7%($%!?5'?<.$(57%>,!-0PS!0<22#'!
H57#%+5%##'5%+!X7%6#'#%?#,!;.7'5=$!EMKK[FZ!!

!

95%+.5!95<,!&$5'7%+!c8#%+,!"#$%!&#'()*#'+,!]7*5%!08$%=$D!d]#$.!e52#!H.77=!W#.7?5(B!-%=!W7'(5?5(B!
P#$D<'#2#%(D!UD5%+!-!X<D(72LR#D5+%#=!G7%L4%:$D5:#!S?87!

O$'(5?.#!42$+#!W#.7?52#('B!0BD(#2A!4%5(5$.!4%!W5('7!S/C#'52#%(Dd!-0PS!0<22#'!H57#%+5%##'5%+!
X7%6#'#%?#,!;.7'5=$!EMKK[FZ!

!

"Z!&#'()*#'+!$%=!-Z!01##(2$%!dH#$<(56<.!O8BD5?D!6'72!\'=5%$'B!;.<5=Dd!O$C#'!MJ`,!JM(8!4%(#'%$(57%$.!
0B2C7D5<2!7%!;.71!W5D<$.5)$(57%,!T7((5%+#%,!T#'2$%B,!0#C(Z!JKLJ@,!MKK[!

!

&B7<%+LH<2!Q52,!X8<%+L&1$%!]B<,!0$%+L&B<I!9##!$%=!"Z!&#'()*#'+,!dR#:#.7C2#%(!76!$%!4%LO.$%#!
0?$%%5%+!O4W!P#(87=d!O$C#'!JMJ,!JM(8!4%(#'%$(57%$.!0B2C7D5<2!7%!;.71!W5D<$.5)$(57%,!T7((5%+#%,!
T#'2$%B,!0#C(Z!JKLJ@,!MKK[!

!

95%+.5!95<,!&$5'7%+!c8#%+,!97+$%!^5..5$2D,!"#$%!&#'()*#'+,!X'$5+!9$%%5%+!$%=!]7*5%!08$%=$D,!d-!X<D(72L
R#D5+%#=!U.('$D7<%=!S?87!O$'(5?.#!42$+#!W#.7?52#('B!0BD(#2A!4%5(5$.!S/C#'52#%(Dd!O$C#'!MKaZ!



!"#$%%&'()*+#,+-.%+/',-.+0(-%"(1-'#(12+3456#*'75+#(+82-"1*#('$+9#662%"+:%-.#&*+,#"+/27'&+:%$.1('$*+
1(&+/27'&+;()'(%%"'()<+66+=>?@A<+

3B'**+/%&%"12+0(*-'-7-%+#,+C%$.(#2#)4+D;CEFG<+FH"'$.<+3B'-I%"21(&+

J=+?+JK+3%6-%5L%"+=AAM+

+

N1")1*<+O7"4+P#14I1Q+/'(2%4<+C',,1(4+RSQ+:#.*%('<+T15"1(Q+E%"-IL%")<+R%1(+U/2#B+$.1"1$-%"'I1-'#(+#,+1+
*4(-.%-'$+V%-WS+

!"##$%&'"()"*)+$%,('%-#).-/$01)2)33&,)4544)4$0"1/-%$)6%'$(%$1)7$$&'(8<+X+==<+=AAM<+6+J>JJY?J>J=MS+

+

!"#$%&"#'()*S<+Z"14<+TS<+3B%%-51(<+[SS+U0561$-+1(&+\7-$#5%*+#,+1+/2#B+N'*712'I1-'#(+]#7"*%W+03/NJ@+?+
J@-.+0(-%"(1-'#(12+3456#*'75+#(+/2#B+N'*712'I1-'#(+S+!16%"+J^M+
R724+J?K<+=AA^<+_'$%<+/"1($%+

+

!"#$%&"#'()*S<+3B%%-51(<+[SS+U0561$-+1(&+\7-$#5%*+#,+1+/2#B+N'*712'I1-'#(+]#7"*%W++!"#$%%&'()*+#,+
/;93:=AA`<+[3:;+=AA`+/27'&*+;()'(%%"'()+9'X'*'#(+3755%"+:%%-'()<+[7)7*-+=?M<+=AA`<+N1'2<+]#2#"1&#+
!16%"+(#S+/;93:=AA`?>^K^A<W+'(+4679)!"(*$0$(%$).0"%$$:'(81<+X#2S+=<+66+=M`?=>Y<+
&#'aJASJJJYb/;93:=AA`?>^K^AS+

R#.(+F.1'<+R%1(+E%"-IL%")<+c1&%+35'-.<+Z"%)+d7'((<+1(&+R15%*+:$_%'22S+;e6%"'5%(-12+0(X%*-')1-'#(+#,+
E#*6'-12+\6%"1-'()+f##5+D\fG+['"+9'*-"'L7-'#(S+/'(12+f%6#"-+Cf!?J@`>S+[3Ef[;<+3%6-%5L%"+@A<+=AJ@S+
.--6abbL%$.-%2S$#2#"1&#S%&7bgI.'h'1()b[3Ef[;iJ@`>f!i/'(12f%6#"-iX^S6&,S+

+

+

+

!"#$%&%#'%()&%*%#+,+-"#*.()"*+%&*(,#/(01*+&,'+*(
)

RS+E%"-IL%")<+:S+_151I'1(<+PS+C12L#-<+UC.%+3-"7$-7"%+#,+1+f#&?3-1L'2'I%&+!"%5'e%&<+C7"L72%(-+/215%<W+
c#"j?0(?!"#)"%**+!#*-%"+!3?J@<+CB%(-'%-.+3456#*'75+D0(-%"(1-'#(12G+#(+]#5L7*-'#(<+k##j+#,+[L*-"1$-*<+
6)S+JJ`<+J`^KS+

+

RS+E%"-IL%")<+PS+C12L#-<+U!"%5'e%&+/215%+3-1L'2'I1-'#(+#(+1+k27,,+k#&4<W+c#"j?0(?!"#)"%**+!#*-%"+!3?J=@<+
CB%(-4?,'"*-+3456#*'75+D0(-%"(1-'#(12G+#(+]#5L7*-'#(<+k##j+#,+[L*-"1$-*<+6)S+=A`<+J`^MS+

+



!"#$%&'()%&*+#,"#-./)0'+#120&'%3#45%6678*#.86#'5%#4'.)7/7(.'708#09#2:45.;%6#</.=%>+?#@0&A:B8:C&0*&%>>#
C0>'%&#C4:DE+#-F%8'G:4%H086#4G=;0>7I=#JB8'%&8.'708./K#08#L0=)I>'708+#M00A#09#N)>'&.H'>+#;*"#ODP+#
OEQQ"#

#

!"#$%&'()%&*+#L"R"#$0+#120&'%3#SG8.=7H>#78#.8#B>0'5%&=./#T%H'.8*I/.&#SI=;#L0=)I>'0&+?#@0&A:B8:
C&0*&%>>#C0>'%&#C4:UV+#-F%8'G:4%H086#4G=;0>7I=#JB8'%&8.'708./K#08#L0=)I>'708+#M00A#09#N)>'&.H'>+#;*"#
ODW+#OEQQ"#

#

!"#$%&'()%&*+#L"R"#$0+#120&'%3#SG8.=7H>#78#.#T%H'.8*I/.&#4I66%8#X3;.8>708+?#;&%>%8'.'708#.'#PO>'#
N88I./#R%%'78*#09#'5%#S7Y7>708#09#</I76#SG8.=7H>#09#'5%#N=%&7H.8#C5G>7H./#40H7%'G+#.)>'&.H'#;I)/7>5%6#78#
!"##$%&$'$("#20/"#ZZ+#80"#OV+#;*"#[[ZZ+#\0Y"#OEQQ"#

#

!"#$%&'()%&*+#L"R"#$0+#1</0F#78#.#T%H'.8*I/.&#4I66%8#X3;.8>708+?#;&%>%8'.'708#.'#P[86#N88I./#R%%'78*#
09#'5%#S7Y7>708#09##</I76#SG8.=7H>#09#'5%#N=%&7H.8#C5G>7H./#40H7%'G+#.)>'&.H'#;I)/7>5%6#78#!"##$%&$'$("#20/"#
ZP+#80"#OV+#;*"#[ZPO+#\0Y"#OEQE"#

#

-"#NI>'78+#!"#$%&'()%&*+#L"R"#$0+#1X8'&.78=%8'#09#-5&%%:S7=%8>708./#45%.&#</0F>+?#;&%>%8'.'708#.'#P'5#
N>7.8#L08*&%>>#08#</I76#R%H5.87H>+#$08*#]08*+#S%H"#OEQE"#

#

!"#$%&'()%&*+#L"R"#$0+#1C5.>%#,0HA%6#Z6#2%/0H7'G#<7%/6#09#.#T%H'.8*I/.&#4I66%8#X3;.8>708+?#;&%>%8'.'708#
.'#PZ&6#N88I./#R%%'78*#09#'5%#S7Y7>708#09#</I76#SG8.=7H>#09#'5%#N=%&7H.8#C5G>7H./#40H7%'G+#.)>'&.H'#
;I)/7>5%6#78#!"##$%&$'$($#20/"#ZW+#80"#OV+#;*"#[[WU+#\0Y"#OEEV"#

#

!"T"#$%&'()%&*#.86#L"R"#$0+#1-5&%%:S7=%8>708./#</0F#78#.#T%H'.8*I/.&#4I66%8#X3;.8>708+?#@0&A:B8:
C&0*&%>>#C0>'%&#C[WU+#-F%8'G:<0I&'5#4G=;0>7I=#JB8'%&8.'708./K#08#L0=)I>'708+#M00A#09#N)>'&.H'>+#;*"#
ZQV+#OEE["#

#

-"#L5.8*#.86#!"#$%&'()%&*+#14'I6G#09#N>G==%'&7H#20&'%3#T78*#\%.&#@.//>+?#;&%>%8'.'708#.'#'5%#PW'5#
N88I./#R%%'78*#09#'5%#S7Y7>708#09#</I76#SG8.=7H>#09#'5%#N=%&7H.8#C5G>7H./#40H7%'G+#.)>'&.H'#;I)/7>5%6#78#
!"##$%&$'$("#20/"#ZU+#80"#Q+#;*"#OUQV+#\0Y"#OEE["#

#

-"^"#L5.8*+#!"T"#$%&'()%&*+#T"#]%&&+#1B8'%&.H'708#09#.8#X//7;'7H#20&'%3#T78*#.86#.#@.//+?#;&%>%8'.'708#SSQ#
.'#'5%#PD'5#N88I./#R%%'78*#09#'5%#S7Y7>708#09#</I76#SG8.=7H>#09#'5%#N=%&7H.8#C5G>7H./#40H7%'G+#.)>'&.H'#
78#!"##$%&$'$($#!"#JO[K_[[ZV+#\0Y"#OEEZ"#

#



!"#"$%&#'(()*+$,"-"$./'0)*+$1"2"$2)34+$-"$56378963:+$-";"$<=)0>+$-"?"$%&@)**/*+$AB/C9'D7)/*$/($5):E$,*63:>$
F'60D+G$;/3HIJ*I.3/:36DD$./D763$KILL+$MK7E$J*763*=7)/*=0$N>CO/D)'C$/*$B/C9'D7)/*+$P*)Q63D)7>$/($
B=0)(/3*)=+$J3Q)*6+$-'0>$RSI1':'D7$K+$STTL"$19D73=&7$O'90)DE64$)*$;IJI.$19D73=&7D$2//H+$O:"$LRU"$

$

?"V"$BE=*:+$-"!"$56378963:+$@"$B6*763+$N"$%=E=0)*:=C+$!"$@633+$AW/376X$<>*=C)&D$)*$B/CO=&7$;=D76$
J*&)*63=7/3D+G$;/3HIJ*I.3/:36DD$./D763$KIKY+$MK7E$J*763*=7)/*=0$N>CO/D)'C$/*$B/C9'D7)/*+$P*)Q63D)7>$
/($B=0)(/3*)=+$J3Q)*6+$-'0>$RSI1':'D7$K+$STTL"$19D73=&7$O'90)DE64$)*$;IJI.$19D73=&7D$2//H+$O:"$LLR"$

$

2"$1D:=3)=*+$,"$.=O=4/O/0/+$,"$N&E3=463+$<"$N&E=6(63+$1"$@=3=*4>D8/ZDH)+$%"$F/D763+$-"$56378963:+$A1$
2)('3&=764$<)(('D)/*$F0=C6+G$;/3HIJ*I.3/:36DD$./D763$MI[R+$MK7E$J*763*=7)/*=0$N>CO/D)'C$/*$
B/C9'D7)/*+$P*)Q63D)7>$/($B=0)(/3*)=+$J3Q)*6+$-'0>$RSI1':'D7$K+$STTL"$19D73=&7$O'90)DE64$)*$;IJI.$
19D73=&7D$2//H+$O:"$SKK"$

$

-"!"$56378963:+$-/E*$<"$B=307/*+$%"$\)**6+$,"$23=406>+$A1$DO0)7+$9)('3&=764$4)(('D)/*$(0=C6+G$F/37>I,):E7E$
1**'=0$%667)*:$/($7E6$<)Q)D)/*$/($F0')4$<>*=C)&D$/($7E6$1C63)&=*$.E>D)&=0$N/&)67>+$=9D73=&7$)*$!"##$%&'%
()*%+$,$-$$!"#]SM^+$OO"$MUSK"$STTK$

$

@"$1*463D/*+$@"$B6*763+$N"$%=E=0)*:=C+$-"$56378963:+$$A<)36&7$*'C63)&=0$D)C'0=7)/*$/($&/(0/Z)*:$
=D>CC673)&$36=&7)*:$_67D+G$F/37>I,):E7E$1**'=0$%667)*:$/($7E6$<)Q)D)/*$/($F0')4$<>*=C)&D$/($7E6$
1C63)&=*$.E>D)&=0$N/&)67>+$=9D73=&7$)*$!"##$%&'%()*%+$,$-$+$!"#]SM^$OO"$STTSIM+$STTK"$

$

-"<"$\'((+$1"%"$!/CO=:6+$%"1"$\)**6$=*4$-"!"$56378963:+$AP*&637=)*7)6D$1DD/&)=764$Z)7E$./D7I.3/&6DD)*:$
/($.JW$<=7=+G$;/3H$)*$.3/:36DD$./D763$KIUSY$+$M[7E$N>CO/D)'C$/*$B/C9'D7)/*+$`=O06D+$J7=0>+$-'0>$MTI$
1':'D7$M+$STT["$19D73=&7$O'90)DE64$)*$;IJI.$19D73=&7D$2//H+$O:"$RYS"$

$

@"!"$1*463D/*+$@"2"$B6*763+$-"!"$56378963:+$N"$%=E=0)*:=C+$AN)C'0=7)/*$/($`/*I.36C)X64$B/(0/Z)*:$-67D$
;)7E)*$=$B/*()*64$</C=)*+G$;/3H$)*$.3/:36DD$./D763$MISSU$+$M[7E$N>CO/D)'C$/*$B/C9'D7)/*+$`=O06D+$
J7=0>+$-'0>$MTI$1':'D7$M+$STT["$19D73=&7$O'90)DE64$)*$;IJI.$19D73=&7D$2//H+$O:"$MRR"$

$

-"$56378963:+$-"$B=307/*+$%"$N&EZ)6763C=*+$,"$23=406>+$%"$\)**6+$?"$N67763D76*+$ANO0)77)*:$/($=*$1X)=00>$
,X&)764$-67$<)(('D)/*$F0=C6+G$;/3H$)*$.3/:36DD$./D763$MIUSY$+$M[7E$N>CO/D)'C$/*$B/C9'D7)/*+$`=O06D+$
J7=0>+$-'0>$MTI$1':'D7$M+$STT["$19D73=&7$O'90)DE64$)*$;IJI.$19D73=&7D$2//H+$O:"$SLU"$

$



!"#"$%&#'(()*+$,"!"$-./012./3+$,"4"$56)78+$9:((.&0$;($:*./38$!.7.6<.$;*$=;>2'<0);*$?*<062)7)08+@$4;/A$)*$
B/;3/.<<$B;<0./$CDEFC$+$GH0I$J8>K;<)'>$;*$=;>2'<0);*+$L6K7.<+$?0678+$,'78$GMD$N'3'<0$G+$OMMH"$N2<0/6&0$
K'27)<I.P$)*$4D?DB$N2<0/6&0<$Q;;A+$K3"$RMM"$

$

,"!"$-./012./3+$,;I*$5"$=6/70;*+$%"$S)**.+$:"$Q/6P7.8+$%"$J&IT).0./>6*$9JK7)00)*3$;($6*$NU)6778$:U&)0.P$,.0$
5)(('<);*$V76>.+@$OMMH$?*0./*60);*67$%.&I6*)&67$:*3)*../)*3$=;*(./.*&.$6*P$:UK;<)0);*+$N076*06+$#N+$
N>./)&6*$J;&).08$;($%.&I6*)&67$:*3)*../<+$L;W.>2./$OXDGG+$OMMH"$$

$

Y"$N*P./<;*+$Y"$=.*0./+$J"$%6I67)*36>+$,"$-./012./3$95)/.&0$*'>./)&67$<)>'760);*$;($&;(7;T)*3$/.6&0)*3$
Z.0<@$V;/08DL)*0I$N**'67$%..0)*3$;($0I.$5)W)<);*$;($V7')P$58*6>)&<$;($0I.$N>./)&6*$BI8<)&67$J;&).08+$
62<0/6&0$)*$!"##$%&'%()*%+$,$-$+$!"#[OG\+$OMMH"$

$

,"$S'((+$]"$5/;')776/P+$N"$!;>K63.+$,"$-./012./3$6*P$%"$S)**.+$9:UK./)>.*067$^*&./06*0).<$N<<;&)60.P$T)0I$
B6/0)&7.$?>63.$_.7;&)>.0/8$[B?_\$Q6<.P$_;/0)&)08$N73;/)0I><+@$#;/P;*$=;*(./.*&.$;*$0I.$BI8<)&<$6*P$
=I.>)<0/8$;($S6<./$5)63*;<0)&<$)*$=;>2'<0);*+$B78>;'0I$L-+$$K;<0./+$,'78$OMMX"$

$

,"$=6/70;*+$,"$-./012./3+$6*P$%"$S)**.+$9J)P.$,.0$V;/>60);*$6*P$JK7)0$V76>.<+@$4;/A$)*$B/;3/.<<$B;<0./$
4G5EC$+$G`0I$J8>K;<)'>$;*$=;>2'<0);*+$Q;'7P./+$=a+$N'3'<0$GDX+$OMM`"$N2<0/6&0$K'27)<I.P$)*$4D?DB$
N2<0/6&0<$Q;;A+$K3"$OMH"$

$

!"$JI6*P6<+$:"$#)77+$,"$-./012./3+$="$5.#/;((+$S"%"$_67P.<D=/'1+$9b'6*0)060);*$6*P$W)<'67)160);*$;($
W.*0/)&'76/$()77)*3$W;/0)&.<$'<)*3$I)3I$(/6>.$/60.$.&I;&6/P);3/6KI8c$$?*$W)0/;$6*P$&7)*)&67$<0'P).<$
[62<0/6&0\@+$XG*P$J&).*0)()&$J.<<);*<+$N>./)&6*$-.6/0$N<<;&)60);*+$N076*06+$#N+$L;W.>2./$XDOE+$OMMM"$
N2<0/6&0$K'27)<I.P$)*$./01"#2(/&3$[J'KK7D?\$OMMMdOEE[O`\c?DRHF$

$

!"$JI6*P6<+$:"$L)&;7+$="$4.)*2./3+$="$5.#/;((+$,"$-./012./3+$5"$?W8+$S"$_67P.<D=/'1+$e5.W.7;K>.*0$a($N$
L;*D?*W6<)W.$^70/6<;'*P$=;7;/$%D%;P.$%.6*<$a($:<0)>60)*3$B'7>;*6/8$_6<&'76/$!.<)<06*&.$?*$
B.P)60/)&$B'7>;*6/8$-8K./0.*<);*e"$$N>./)&6*$=;77.3.$;($=6/P);7;38$FM0I$N**'67$J&).*0)()&$J.<<);*<+$
%6/&I$OGDOC+$GEEE"$N2<0/6&0c$4%+5$%.&##$%.206/&#$+$GEEEdRCcCEHN$

$

="$4.)*2./3+$:"$L)&;7+$,"$-./012./3+$="$5.#/;((+$!"$JI6*P6<+$95.W.7;K>.*0$;($6$L;*D?*W6<)W.$%.0I;P$(;/$
:<0)>60)*3$B'7>;*6/8$_6<&'76/$!.<)<06*&.$)*$B.P)60/)&$B'7>;*6/8$-8K./0.*<);*+@$]H"OCO+$K/.<.*0.P$60$
0I.$$N**'67$V677$%..0)*3$;($0I.$Q);>.P)&67$:*3)*../)*3$J;&).08+$a&0"$OGDOF+$GEEE+$J.6007.+$4N"$N2<0/6&0$
K'27)<I.P$)*$+332#7%&'%!/&5*6/12#%839/3**0/39+$G`$J'K"$O+$KK"$JDXX"$

$



!"#$%%&'(#!"#)'*+,-'*.(#/"#0123425(#$"#623373.(#/"#83%-'9(#:"#;%2*4<23(#=$12*2>+'*7,73.#+1'#?9@74#
AB32<7>5#%C#:7+*29#D3C9%EF#!"#$%&'(#0+@47'5(G#HI"JK(#L*'5'3+'4#2+#+1'##M33@29#?299#:''+73.#%C#+1'#
;7%<'47>29#N3.73''*73.#0%>7'+B(#O>+"#PQRPJ(#QKKK(#0'2++9'(#SM"#M-5+*2>+#L@-9751'4#73#)""*+,#(-#
.%(/01%2*+#3"4%"00'%"4(#QT#0@L"#P(#LL"#0RUV"#

#

/"#0123425(#$"#S'73-'*.(#A"#DWB(#0"#X'(#!"#)'*+,-'*.(#$"#A'X*%CC(#6"#Y294'5R$*@,(#=Z5'#%C#A%LL9'*#234#>%9%*#
:R<%4'#C9%E#L*%L2.2+7%3#+%#L*'47>+#9%>29#>%<L9723>'#234#L@9<%32*B#W25>@92*#*'575+23>'#C%*#L'472+*7>#
L@9<%32*B#1BL'*+'357%3F##!"#5%&'(#234#>9737>29#5+@47'5(G#L*'5'3+'4#2+#+1'#0>7'3+7C7>#0'557%35#%C#+1'#
M<'*7>23#)'2*+#M55%>72+7%3(#[%W"#PQRPU(#QKKK"#M-5+*2>+F#6%'27+*&%("#QKKK\PKQFDDR]]Q"#

#

H"#^'2>%>&(#Y"#;*7.1+(#_R$"#6''(#!"#)'*+,-'*.(#234#N"#;*249'B(#=:7>*%RM>+7W'#$%3+*%9#%C#2#^9232*#!'+(G#
H'>137>29#/'L%*+#$ZR$0#`A'L2*+<'3+#%C#$%<L@+'*#0>7'3>'a#VPQRKK"#

#

!"/"#)'*+,-'*.(#!"N"#$%%&'(#:"#;%2*4<23(#/"#0123425(#=A725+%97>#?9%E#?%*>73.(G#M0:N#0@<<'*#
;7%'3.73''*73.#$%3C'*'3>'(#03%E-7*4(#Z+21(#!@3'#QKKP"#

#

!"N"#$%%&'(#!"/"#)'*+,-'*.(#:"O"#;%2*4<23(#$"#623373.(#/"#0123425(#=$12*2>+'*7,73.#+1'#/'92+7%3517L#
;'+E''3#6'C+#Y'3+*7>@92*#D3C9%E#AB32<7>5#234#Z9+*25%@34#$%9%*#:R:%4'#D<2.73.F#M3#!"#$%&'(#0+@4B(G#
M0:N#0@<<'*#;7%'3.73''*73.#$%3C'*'3>'(#03%E-7*4(#Z+21(#!@3'#QKKP"#

#

/"#0123425(#!"#$%%&'(#!"#)'*+,-'*.(#:"#;%2*4<23(#$"#A'X*%CC(#6"#Y294',R$*@,(#=N**%*#%C#+1'#$%9%*#:#:%4'#
H'>137b@'#73#c@23+7CB73.#A725+%97>#?9%E#^*%L2.2+7%3(G#PQ+1#M33@29#0>7'3+7C7>#0'557%35#OC#H1'#M<'*7>23##
0%>7'+B#%C#N>1%>2*47%.*2L1B(#0'2++9'(#SM(#!@3'#QKKP"#

#

/"#0123425(#!"#)'*+,-'*.(#!"#$%%&'(#:"#;%2*4<23(#=6'C+#Y'3+*7>@92*#?79973.#AB32<7>5F#^2*+7>9'#D<2.'#
Y'9%>7<'+*B#234#Z9+*25%@34#$%9%*R:#:%4'#D<2.73.(G#D3+'*32+7%329#:'>1237>29#N3.73''*73.#$%3.*'55#d#
NeL%57+7%3(#H1'#S73+'*#M33@29#:''+73.#%C#M0:N#`SM:a(#['E#_%*&(#[_#[%W'<-'*(#QKKP"#

#

H"#^'2>%>&(#!"#)'*+,-'*.(#_"$"#6''(#N"#;*249'B(#Y"#;*7.1+#=$%3+*%9#%C#2#QA#!'+#Z573.#:'<5G##0DM:#
$%3C'*'3>'#%3#+1'#MLL97>2+7%35#%C#AB32<7>29#0B5+'<5(#:2B#QK#R#QJ(#03%E-7*4(#Z+21(#QKKP"#

!"/"#)'*+,-'*.(#!"N"#$%%&'(#:"#;%2*4<23(#/"#0123425(#=A725+%97>#?9%E#?%*>73.(G#^%5+'*#UfP(#M0:N#
0@<<'*#;7%'3.73''*73.#$%3C'*'3>'(#03%E-7*4(#Z+21(#!@3'#QKKP"#

#



!"#"$%&&'()!!"*"$+(,-./(,0)$1"2"$3&4,5647)$%"$8477970)$*"$:;4754<)$=%;4,4>-(,9.970$-;($*(?4-9&7<;9@$
3(-A((7$8(B-$C(7-,9>D?4,$E7B?&A$FG7469><$475$H?-,4<&D75$%&?&,$1I1&5($E640970J$K7$!"#$%&'($:-D5G)L$
M&<-(,$NOP)$K:1#$:D66(,$39&(7097((,970$%&7B(,(7>()$:7&A/9,5)$H-4;)$!D7($QRRS"$

$

*"$:;4754<)$!"$%&&'()$!"$+(,-./(,0)$1"$3&4,5647)$%"$F(T,&BB)$8"$C4?5(.I%,D.)$=#,,&,$&B$-;($%&?&,$1$1&5($
U(>;79VD($97$WD47-9BG970$F94<-&?9>$X?&A$M,&@404-9&7)L$SQ-;$K77D4?$:>9(7-9B9>$:(<<9&7<$2B$U;($K6(,9>47$$
:&>9(-G$&B$#>;&>4,59&0,4@;G)$:(4--?()$YK)$!D7($QRRS"$

$

U"$M(4>&>')$#"$3,45?(G)$!"$+(,-./(,0)$Z(9-;$!D?9(7)$=19>,&4>-9[($>&7-,&?$&B$4$\(-$B?&AL$M4@(,$W!$RR])$QRRS$
1((-970$&B$-;($F9[9<9&7$&B$X?D95$FG7469><)$K6(,9>47$M;G<9>4?$:&>9(-G"$^&[(6/(,$S_IQR)$:47$F9(0&)$%K"$

$

%"T"$F(T,&BB)$:"$3;4-9'4,)$!"$+(,-./(,0)$*"$:;4754<)$8"$C4?5(<I%,D.)$*"$14;4\47"$=U,497970$47$K,-9B9>94?$
^(D,4?$^(-A&,'$-&$F9<-970D9<;$3(-A((7$E77&>(7-$475$M4-;&?&09>$+(4,-$1D,6D,<L"$M&<-(,$RR])$$%&?&,45&$
K??947>($B&,$39&(7097((,970$#`@&$QRRS"$KD,&,4)$%2)$F(>(6/(,$QRRS"$

$

%"T"$F(T,&BB)$Y"$2,?475&)$!"$+(,-./(,0)$*"$:;4754<)$8"$C4?5(<I%,D."$=#BB(>-$&B$*([(,<($X?&A$&7$-;($X?D95$
FG7469><$&B$-;($U&-4?$%4[&IMD?6&74,G$%&77(>-9&7J$K$M&-(7-94?$%4D<($&B$M,&0,(<<9[($+(4,-$X49?D,(L"$
K6(,9>47$%&??(0($&B$%4,59&?&0G$aR-;$K77D4?$:>9(7-9B9>$:(<<9&7<"$K/<-,4>-$97#)#*+#,(--#,.'/%(-)$"#)$@0$NRPK$

!

+"I3"$Z96)$!"+(,-./(,0)$475$*"$:;4754<$b#>;&I@9[cJ$$4$7&[(?$6(-;&5$B&,$-;($7&7I97[4<9[($6(4<D,(6(7-$&B$
[(?&>9-G$[(>-&,<$D<970$D?-,4<&D75$9640970b$X&D,-;$Y&,?5$%&70,(<<$&7$39&6(>;479><)$KD0D<-$NI])$QRRQ)$
%4?04,G)$%47454"$!&D,74?$4,-9>?($<D/69--(5$-&$#`@(,96(7-<$97$X?D95<)$$F(>"$QRRQ"$

H. –B. Kim, J. Hertzberg, and R. Shandas “Echo-PIV: Particle Image Velocimetry from 
Ultrasound Images” KC 007, 56th Annual Division of Fluid Dynamics, APS Meeting, East 
Rutherford, NJ 11/23-25/2003. Abstract published in Bulletin of the American Physical Society, 
48(10) 188-189. 
 
J. Hertzberg, A. Sweetman “A Course in Flow Visualization: The Art and Physics of Fluid 
Flow” KC 005, 56th Annual Division of Fluid Dynamics, APS Meeting, East Rutherford, NJ 
11/23-25/2003. Abstract published in Bulletin of the American Physical Society, 48(10) 188. 
$

!(47$+(,-./(,0)$!&;7$T94,597&)$#?9.4/(-;$3,45?(G"$=K$:-(,(&I19>,&<>&@9>$M4,-9>?($E640($C(?&>96(-,G$
:G<-(6L$M4@(,$^%IRRS"$K6(,9>47$M;G<9>4?$:&>9(-G$aP-;$K77D4?$1((-970$&B$-;($F9[9<9&7$&B$X?D95$FG7469><$
^&[(6/(,$QSIQd)$QRRN$:(4--?()$Y4<;970-&7"$K/<-,4>-$@D/?9<;(5$97$3D??(-97$KM:$C&?$N]$e]f)$@@$QSN)$^&["$
QRRN$$

$



!"#$%&'()*+,$#-'.%,"'/%$012%$+3'45,$26"'76"689#%':;9<<96"<'=$6;',"'!89,>>?'@6$A%#'7%0),"%'.%0'

@>,;%B'C,D%$'EFGGH'!;%$9A,"'C)?<9A,>'(6A9%0?'IJ0)'!""*,>'7%%09"+'6='0)%'K9L9<96"'6='@>*9#'K?",;9A<'

E6L%;2%$'MNOMP-'MGGQ'(%,00>%-'R,<)9"+06"3'!2<0$,A0'D*2>9<)%#'9"'S*>>%09"'!C(-'T6>'QU'VUW-'DD'MMHOU-'

E6L3'MGGQ3''

'

.3'/%$012%$+',"#'!3'(&%%0;,"-'4!$0',"#'C)?<9A<X'!'@>6&'T9<*,>91,096"'56*$<%',"#'Y*0$%,A)':8D%$9%"A%B3'

Z"L90%#'D,D%$-'K/GM-'MGGI'R9"0%$'7%%09"+'6='0)%'!;%$9A,"'!<<6A9,096"'6='C)?<9A<'[%,A)%$<3'

!>2*\*%$\*%-'E7-'.,"*,$?'HONM-'MGGI3'!2<0$,A0'D*2>9<)%#'9"'!"#$%&&'(&)#*-'T6>'PQ-'D+'NG]3'

'

56>>%%"'(0$6*#-'.%,"'/%$012%$+-'7%>L?"'S$,"A)-'^@>,;%'Z;D9"+9"+'6"','_6>>%$^'Z;,+%',"#'0%80'<*2;900%#'

06'0)%'E(@`(A9%"A%'T9<*,>91,096"'5),>>%"+%-'I`PN`GI3'

'

5*$,0%#','<)6&'6='@>6&'T9<*,>91,096"'9;,+%<',0'56$%'E%&'!$0'(D,A%-']`N`GIO]`NH`GI-'K%"L%$-'5Y',<'D,$0'

6='!$0a7,0)bc'Z"0%$",096",>'56"=%$%"A%'3'

'

.%,"'/%$012%$+-'Z;,+%<'D$%<%"0%#',0'0)%'K,"A%'@9",>%'6='0)%'S6*>#%$'@$9"+%'@%<09L,>-'S6*>#%$-'5Y-'!*+'

MJ-'MGGI'

'

.%,"'/%$012%$+-'.*>9%'7%+'T,"(A9L%$-'()%>>?'79>>%$'4@>6&=9%>#'6=','/*;,"'56*+)B'C,D%$'/!GGGGN-'IH0)'

!""*,>'7%%09"+'6='0)%'K9L9<96"'6='@>*9#'K?",;9A<-'!;%$9A,"'C)?<9A,>'(6A9%0?-'E6L'MGOMM'MGGI-'5)9A,+6-'

Z>3'!2<0$,A0'D*2>9<)%#'9"'S*>>%09"'!C(-'T6>'IG-'"63'U-'D+'NHN3'

'

C,*>'79>>%$-'F*$0'K,"9%><6"-'d,>,"'766#?-'!"#?'(>9=e,-':>91,2%0)'K$%8>%$-'.%,"'/%$012%$+'4_%=$,A09L%'

9"#%8';,0A)9"+'*<9"+','#9%0)?>'D)0),>,0%`'%0),"6>'<6>*096"B-'C,D%$'d/'GGGGI-'IH0)'!""*,>'7%%09"+'6='

0)%'K9L9<96"'6='@>*9#'K?",;9A<-'!;%$9A,"'C)?<9A,>'(6A9%0?-'E6L'MGOMM'MGGI-'5)9A,+6-'Z>3'!2<0$,A0'

D*2>9<)%#'9"'S*>>%09"'!C(-'T6>'T6>'IG-'"63'U-'D+'N]J3'

'

E,0,>9%'_6<<-':>91,2%0)'S$,#>%?-'.%,"'/%$012%$+'4K,0,'!<<9;9>,096"'=6$'Z;D$6L%#'C69"0OT6$0%8'76#%><B'

C,D%$'Ed'GGGGU-'IH0)'!""*,>'7%%09"+'6='0)%'K9L9<96"'6='@>*9#'K?",;9A<-'!;%$9A,"'C)?<9A,>'(6A9%0?-'E6L'

MGOMM'MGGI-'5)9A,+6-'Z>3'!2<0$,A0'D*2>9<)%#'9"'+(,,#-.&$%/0-'T6>'IG-'"63'U-'D+'MHQ3'

'

.6<)*,'d$,+%<-'.%,"'/%$012%$+-'4[*$2*>%"0'<D$,?'A6;2*<096"'6='R#OQGB'C6<0%$'<*2;900%#'06'0)%'

56;2*<096"'!$0'56;D%09096"-'5%"0$,>'(0,0%<'(%A096"-'56;2*<096"'Z"<090*0%-'5>%L%>,"#-'7,?'MNOMP-'MGG]3'

'



!"##$$%&'()"*+,&-$#./%&0)1%23,&4$1%&5$)(67$)8,&9:;<=%8=%8&>*)7*#$%(&?#1;$@A&B"@($)&@*7;=(($+&("&(3$&
!";7*@(="%&C)(&!";<$(=(="%,&!$%()1#&'(1($@&'$2(="%,&!";7*@(="%&:%@(=(*($,&!#$.$#1%+,&-1/&DEFDG,&DHHIJ&
D%+&<#12$&K=%%$),&K=(3&LDHH&<)=6$J&

&

4$1%&5$)(67$)8&9?#"K&M=@*1#=61(="%&N")&OFED&P*()$123A&B1<$)&?5&HHHHE,&QR(3&C%%*1#&-$$(=%8&"N&(3$&
S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&'"2=$(/,&T".&ERFDE&DHHI,&>1;<1&01/,&?UJ&C7@()12(&
<*7#=@3$+&=%&!"##$%&'()*+,&M"#&QE,&%"J&R,&<8&EEVJ&

&

!3)=@&P@("=23,&4$1%&5$)(67$)8&9!)$1;&=%&>$1A&W1##$)/&"N&?#*=+&-"(="%&B"@($)&QI,&QR(3&C%%*1#&-$$(=%8&"N&
(3$&S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&'"2=$(/,&>1;<1&01/,&?U&T".&ERFDE&DHHIJ&

&

!3)=@&0"%=#31,&4$1%&5$)(67$)8&9';"X$&B#*;$A&W1##$)/&"N&?#*=+&-"(="%&B"@($)&QD,&QR(3&C%%*1#&-$$(=%8&"N&
(3$&S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&'"2=$(/,&>1;<1&01/,&?U&T".&ERFDE&DHHIJ&

&

W$%$.1&Y=#X$@1%+$)@,&4$1%&5$)(67$)8&9?#1;$@&?)";&0$#"KA&W1##$)/&"N&?#*=+&-"(="%&B"@($)&QQ,&QR(3&
C%%*1#&-$$(=%8&"N&(3$&S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&'"2=$(/,&>1;<1&01/,&?U&T".&ERFDE&
DHHIJ&

&

>=;"(3/&Z$1+,&>1%%$)&U1+(X"K,&C%+)$1&?17)=,&4$1%&5$)(67$)8&90$1+=%8&[<A&W1##$)/&"N&?#*=+&-"(="%&
B"@($)&Q\,&QR(3&C%%*1#&-$$(=%8&"N&(3$&S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&'"2=$(/,&>1;<1&01/,&
?U&T".&ERFDE&DHHIJ&Y=%%=%8&=;18$J&

&

>1%%$)&U1+(X"K,&W$%$.1&Y=#X$@1%+$)@,&>=;&Z$1+,&C%+)$1&?17)=,&4$1%&5$)(67$)8&9Z"##&[<A&W1##$)/&"N&
?#*=+&-"(="%&B"@($)&Q\,&QR(3&C%%*1#&-$$(=%8&"N&(3$&S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&
'"2=$(/,&>1;<1&01/,&?U&T".&ERFDE&DHHIJ&

&

5$)(67$)8,&4$1%J&9?)";&C)(&("&B3/@=2@]&C&!"*)@$&"%&?#"K&M=@*1#=61(="%JA&IH(3&C%%*1#&-$$(=%8&"N&(3$&
S=.=@="%&"N&?#*=+&S/%1;=2@,&C;$)=21%&B3/@=21#&'"2=$(/,&'1#(&U1X$&!=(/,&[>,&T".&DHFDD,&DHHVJ&&C7@()12(&
<*7#=@3$+&=%&!"##$%&'()*+,&M"#&QD,&%"J&EV,&<8&E^EJ&

&

T1(1#=$&Z"@@,&_#=617$(3&0)1+#$/,&1%+&4$1%&5$)(67$)8&9S=@2)$(=61(="%&"N&(3$&M")(=2=(/&?=$#+&"N&1&B#1%1)&4$(,A&
IE@(&C%%*1#&-$$(=%8&"N&(3$&S=.=@="%&"N&?#*=+&S/%1;=2@,&'1%&C%("%=",&>$`1@,&DHH^J&C7@()12(&<*7#=@3$+&=%&
!"##$%&'(,-(%.$()/$0&12'(*.34&12#(+,1&$%3,&."#J&QG,&D^VFD^^,&DHH^J&



!"#$%&#'()%!'*+,%-./+(00)%!+'$%1+2345+26)%7'8+%9*(3#)%'$8%:2+6%;<($$=%9+*(>'$$<'0%?2"62+,,%@+A"23%BC%
3"%DE%F=G%>%1+'03#.'2+%H'.(0(3(+,I%JKA+2(*+$3'0%L$M+,3(6'3("$%"N%OA+2'3($6%@""*%P(2%Q(,32(5<3("$%P91@PJ%
CRFS>@?=%TUUF%P91@PJ%7($3+2%-++3($6)%CVTWVTUUF)%E#(.'6")%LX=%

!"#$%&#'()%!'*+,%-./+(00)%!+'$%1+2345+26)%7'8+%9*(3#)%'$8%:2+6%;<($$=%9+*(>'$$<'0%?2"62+,,%@+A"23%BT%
3"%DE%F=G%>%1+'03#.'2+%H'.(0(3(+,I%JKA+2(*+$3'0%L$M+,3(6'3("$%"N%OA+2'3($6%@""*%P(2%Q(,32(5<3("$%P91@PJ%
CRFS>@?=%TUUF%P91@PJ%-++3($6)%GVTCVTUUF)%X"<(,M(00+%YZ=%

X<(,%X"*')%?'<0%-(00+2)%'$8%!+'$%1+2345+26)%[H0"\%($%'$%P"23(.%E"'2.3'3("$)]%GT$8%P$$<'0%-++3($6%"N%3#+%
Q(M(,("$%"N%H0<(8%Q^$'*(.,)%-($$+'A"0(,)%-/)%/"M+*5+2%TT>TW)%TUUF=%P5,32'.3%A<50(,#+8%($%!"##$%&'()*(
%+$(,-$.&/0'(1+23&/0#(4)/&$%2)%M"0=%_W)%C`S)%TUUF=%

!'*+,%-./+(00)%!+'$%1+2345+26)%&#(>;('$6%&#'(%[H0"\%a(,<'0(4'3("$%"N%93+2(0+%P(2%H0"\,%($%9<26(.'0%
J$M(2"$*+$3,)]%GT$8%P$$<'0%-++3($6%"N%3#+%Q(M(,("$%"N%H0<(8%Q^$'*(.,)%-($$+'A"0(,)%-/)%/"M+*5+2%
TT>TW)%TUUF=%P5,32'.3%A<50(,#+8%($%!"##$%&'()*(%+$(,-$.&/0'(1+23&/0#(4)/&$%2)%M"0=%_W)%RU`)%TUUF=%

!"#$%&#'()%!'*+,%-./+(00)%!+'$%1+2345+26)%7'8+%9*(3#)%'$8%:2+6%;<($$=%9+*(>'$$<'0%?2"62+,,%@+A"23%BR%
3"%DE%F=G%>%1+'03#.'2+%H'.(0(3(+,I%JKA+2(*+$3'0%L$M+,3(6'3("$%"N%OA+2'3($6%@""*%P(2%Q(,32(5<3("$%P91@PJ%
CRFS>@?=%TUCU%P91@PJ%7($3+2%-++3($6)%CVTR>TSVTUCU)%O20'$8"%HX=%

!"#$%&#'()%!'*+,%-./+(00)%!+'$%1+2345+26)%7'8+%9*(3#)%'$8%:2+6%;<($$=%9+*(>'$$<'0%?2"62+,,%@+A"23%BW%
3"%DE%F=G%>%1+'03#.'2+%H'.(0(3(+,I%JKA+2(*+$3'0%L$M+,3(6'3("$%"N%OA+2'3($6%@""*%P(2%Q(,32(5<3("$%P91@PJ%
CRFS>@?=%TUCU%P91@PJ%-++3($6)%GVTG>RUVTUCU)%P05<b<+2b<+)%/-=%

!+'$%1+2345+26%cL*A'.3%"N%a(,<'0%?+2.+A3("$c%?",3+2%A2+,+$3'3("$%'3%3#+%/9H%cJKA0"2($6%1"\%?+"A0+%
X+'2$%J$6($++2($6%7"2d,#"Ac%:"08+$)%EO=%P<6<,3%C>W)%TUCU=%

!'*+,%-./+(00)%!+'$%1+2345+26)%'$8%&#(b('$6%&#'()%[E"*5($+8%+KA+2(*+$3'0%'$8%."*A<3'3("$'0%
($M+,3(6'3("$%"N%,3+2(0+%'(2%N0"\,%($%,<26(.'0%+$M(2"$*+$3,=%;J=UUUUG=)]%($%!"##$%&'()*(%+$(,-$.&/0'(
1+23&/0#(4)/&$%2)%M"0=%__%eA2+,+$3+8%'3%3#+%GR28%P$$<'0%-++3($6%"N%3#+%P?9%Q(M(,("$%"N%H0<(8%Q^$'*(.,)%
X"$6%f+'.#)%EP=)%TUCUg)%R_`)%#33AIVV*++3($6,='A,="26V-++3($6VQHQCUVJM+$3VCRWU_S=%

!+'$%1+2345+26)%[9++($6%H0<(8%?#^,(.,I%O<3."*+,%H2"*%'%E"<2,+%"$%H0"\%a(,<'0(4'3("$=%;J=UUUUR)]%
P5,32'.3%($%!"##$%&'()*(%+$(,-$.&/0'(1+23&/0#(4)/&$%2)%M"0=%__%eA2+,+$3+8%'3%3#+%GR28%P$$<'0%-++3($6%"N%
3#+%Q(M(,("$%"N%H0<(8%Q^$'*(.,)%X"$6%f+'.#)%EP=)%TUCUg)%R_`=%
#33AIVV*++3($6,='A,="26V-++3($6VQHQCUVJM+$3VCRWU_W=%

!",+A#%a'$P*5+26)%-'33#+\%f0+,,($6+2)%Q<$6%Q($#%X<<)%Y+M($%-.E"^)%!+'$%1+2345+26)%%[P%D<25<0+$3%
?'23(.0+%X'8+$%:',%!+3%($%7'3+2=]%:'00+2^%"N%H0<(8%-"3("$%?",3+2)%GR28%P$$<'0%-++3($6%"N%3#+%P?9%Q(M(,("$%
"N%H0<(8%Q^$'*(.,)%X"$6%f+'.#%EP)%TUCU=%

-+0(,,'%X<.#3)%!+'$%1+2345+26)%[P%f("0"6(.'00^%L*A+2'3(M+%!+3=]%:'00+2^%"N%H0<(8%-"3("$%?",3+2)%GR28%
P$$<'0%-++3($6%"N%3#+%P?9%Q(M(,("$%"N%H0<(8%Q^$'*(.,)%X"$6%f+'.#%EP)%TUCU=%

http://meetings.aps.org/Meeting/DFD10/Event/134057
http://meetings.aps.org/Meeting/DFD10/Event/134054


!"#$%&'()*+),-%.)$*%/),012),3-%456'**'*3%7*%$%5+'"")089%:$""),#%7;%<"='>%?70'7*%@7(0),-%AB,>%C**=$"%?))0'*3%

7;%0D)%C@5%E'F'('7*%7;%<"='>%E#*$G'H(-%&7*3%I)$HD%JC-%KLML8%

.7*$0D$*%N$,+7F'01+#-%JD,'(%5F)>G$*-%@)0),%?'0,$*7%$*>%.)$*%/),012),3-%4E7O*%0D)%E,$'*89%:$""),#%7;%

<"='>%?70'7*%@7(0),-%AB,>%C**=$"%?))0'*3%7;%0D)%C@5%E'F'('7*%7;%<"='>%E#*$G'H(-%&7*3%I)$HD%JC-%KLML8%

J7,)#%E$F'(%$*>%.)$*%/),012),3-%4P);")H0'7*-%P);,$H0'7*-%E';;,$H0'7*%$*>%E'(6),('7*89%:$""),#%7;%<"='>%

?70'7*%@7(0),-%AB,>%C**=$"%?))0'*3%7;%0D)%C@5%E'F'('7*%7;%<"='>%E#*$G'H(-%&7*3%I)$HD%JC-%KLML8%

@$0,'H+%Q)(()"(%$*>%.)$*%/),012),3-%4RD)%5$*>O'HD-%E)H7*(0,=H0)>89%:$""),#%7;%<"='>%?70'7*%@7(0),-%AB,>%

C**=$"%?))0'*3%7;%0D)%C@5%E'F'('7*%7;%<"='>%E#*$G'H(-%&7*3%I)$HD%JC-%KLML8%

!"#$%&'()*+),-%.)$*%/),012),3-%456'**'*3%7*%$%5+'"")089%S*0,#%'*%0D)%T5<U%5H')*H)%?$3$1'*)%V!*0),*$0'7*$"%

5H')*H)%$*>%S*3'*)),'*3%N'(=$"'1$0'7*%JD$"")*3)V8%5)")H0)>%$(%$%<'*$"'(08%KLML8%

.7D*%WD$'-%.$G)(%?HT)'""-%.)$*%/),012),3-%Q$>)%5G'0D-%$*>%:,)3%X='**8%5)G'Y$**=$"%@,73,)((%P)67,0%Z[%

07%RJ%\8A%Y%/)$"0DH$,)%<$H'"'0')(]%S^6),'G)*0$"%!*F)(0'3$0'7*%7;%_6),$0'*3%P77G%C',%E'(0,'2=0'7*%C5/PCS%

MB\`YP@8%KLMM%C5/PCS%Q'*0),%?))0'*3-%MUK\YKUKUKLMM-%&$(%N)3$(%TN8%

.7D*%WD$'-%.$G)(%?HT)'""-%$*>%.)$*%/),012),3-%45)G'Y$**=$"%@,73,)((%P)67,0%ZA%07%RJ%\8A%Y%/)$"0DH$,)%

<$H'"'0')(]%S^6),'G)*0$"%!*F)(0'3$0'7*%7;%_6),$0'*3%P77G%C',%E'(0,'2=0'7*%C5/PCS%MB\`YP@9%a6,)()*0)>%$0%

0D)%KLMM%C5/PCS%C**=$"%?))0'*3-%?7*0,)$"-%X=)8-%J$*$>$-%K[YK\%KLMMb8%

.)$*%/),012),3-%I$'")#%&)66)+-%R';;$*#%!07-%$*>%R'G%J=,,$*8-%4!G6$H0%$*>%_=0H7G)(%7;%$%<"7O%

N'(=$"'1$0'7*%J7=,()8%!?SJSKLMMYAc`c\9%aR)HD*'H$"%6,)()*0$0'7*%7*"#%6,)()*0)>%$0%0D)%C5?S%KLMM%

!*0),*$0'7*$"%?)HD$*'H$"%S*3'*)),'*3%J7*3,)((%d%S^67('0'7*%Y%J7*3,)((KLMM-%E)*F),-%J7"7,$>7-%

T7F)G2),%MM-%KLMMb-%D006]UUOOO8$(G)H7*;),)*H)(87,3UJ7*3,)((KLMMUC=0D7,UJ7*;',GC2(0,$H08H;G8%

.$G)(%?HT)'""-%.)$*%/),012),3-%$*>%.7D*%WD$'-%4I=7#$*H#%>,'F)*%$HH)"),$0'7*%'*%$%D7(6'0$"%76),$0'*3%

,77G%'*>77,%)*F',7*G)*08%/Kc8LLLLM-9%'*%!"##$%&'()*(%+$(,-$.&/0'(1+23&/0#(4)/&$%2-%F7"8%[A%a6,)()*0)>%
$0%0D)%AB,>%C**=$"%?))0'*3%7;%0D)%C@5%E'F'('7*%7;%<"='>%E#*$G'H(-%&7*3%I)$HD-%JC8-%KLMMb-%

D006]UUG))0'*3(8$6(87,3U"'*+UIC@58KLMM8E<E8/Kc8M8%

.)$*%/),012),3%$*>%I$'")#%&)66)+-%4C00'0=>)(%R7O$,>(%<"='>(]%0D)%!G6$H0%7;%<"7O%N'(=$"'1$0'7*8%

&ML8LLLL\-9%'*%!"##$%&'()*(%+$(,-$.&/0'(1+23&/0#(4)/&$%2-%F7"8%[A%a6,)()*0)>%$0%0D)%Ac0D%C**=$"%?))0'*3%

7;%0D)%E'F'('7*%7;%<"='>%E#*$G'H(-%I$"0'G7,)-%?E-%KLMMb-%

D006]UUG))0'*3(8$6(87,3U"'*+UIC@58KLMM8E<E8&ML8\8%

I,)00%S8%<)*(0),-%C8?8%<,))G$*-%.8e8%I=H+*),-%.8%I,7O*'*3-%.8P8%/),012),3-%$*>%.8E8%5HD,7)>),8%4@="G7*$,#%

$,0),#%F7,0)^%6$,$G)0),(%;7,%0D)%6,)>'H0'7*%7;%6="G7*$,#%F$(H="$,%D)G7>#*$G'H(89%[[0D%C**=$"%RD7G$(%

&8%@)00#%C(6)*%&=*3%J7*;),)*H)8%C(6)*-%J7"7,$>7-%.=*)%AY\-%KLMK8%

D006]UUOOO8=H>)*F),8)>=U$H$>)G'H(UH7"")3)(UG)>'H$"(HD77"U>)6$,0G)*0(UG)>'H'*)U@="G7*$,#UJ7*;

),)*H)(UC5@STU@$3)(UKLMBfKLJ7*;),)*H)8$(6^8%

http://www.ucdenver.edu/academics/colleges/medicalschool/departments/medicine/Pulmonary/Conferences/ASPEN/Pages/2013%20Conference.aspx
http://www.ucdenver.edu/academics/colleges/medicalschool/departments/medicine/Pulmonary/Conferences/ASPEN/Pages/2013%20Conference.aspx


!"#$%&"'()*"'+,%-#./"0%1"22"3,%#$4%5#'#%6'#0,%78'(%9:'%(;"%<#3"%:9%=>2':?.$+%8((.(@4"A%(:B#'4A%

C$+.$""'.$+,D%2'"A"$("4%#(%(;"%E(;%8$$@#/%<0>2:A.@>%:$%<FCG%C4@H#(.:$,%IJ%-:@/4"',%KH(:*"'%L%MNLMO%

-'"((%P"$A("',%!:0H"%<H;':"4"',%1@.A%1#A#/?.#,%<?"$%Q@";/A4:'99,%-'#4%-:/A("',%!"#$%&"'()*"'+,%#$4%!#>"0%

-':B$.$+,%7=$("+'#("4%R.#+$:A(.HA%I;#'#H("'.)#(.:$%:9%S.+;(%T"$('.H@/#'%R.#A(:/.H%P/:B%R0$#>.HA%JA.$+%

P:@'%R.>"$A.:$#/%GS=%#$4%-.:>#'3"'A,D%U"#'%C$4%V!GSIWMNLNWGSWNMWIGFWPCV<FCS,%V:?O%MNLMO%%

P"$A("',-,%%P'"">#$,8,%%&"'()*"'+,!,%%-':B$.$+,!,%%-@H3$"',!,%%<H;':"4"',!%%7ER%IGSWR"'.?"4%X@/>:$#'0%

8'("'0%T:'("Y%X':2"'(."A%9:'%(;"%X'"4.H(.:$%:9%X@/>:$#'0%T#AH@/#'%&">:40$#>.HAD%S#4.:/:+.H#/%<:H."(0%

:9%V:'(;%8>"'.H#%MNLM%<H."$(.9.H%8AA">*/0%#$4%8$$@#/%G""(.$+Z%V:?">*"'%M[W\N,%MNLM%I;.H#+:%=1O%

'A$#MNLMO'A$#O:'+]A"#'H;]"?"$(^4.A2/#0OH9>_">^.4`LMNMEaab%

!#>"A%-':B$.$+,%-'"((%P"$A("',%!"#$%&"'()*"'+,%#$4%!:0H"%<H;':"4"'O%7S.+;(%T"$('.H@/#'%&">:40$#>.HA%

.$%X#(."$(A%B.(;%X@/>:$#'0%&02"'("$A.:$OD%X'"A"$(#(.:$Z%#*A('#H(%.$%!"##$%&'()*(%+$(,-$.&/0'(1+23&/0#(
4)/&$%2,%[cd%$:%LcdMcMO%<#$%R."+:,%I#/.9:'$.#%J<8d%8X<,%MNLMO%
;((2d]]>""(.$+O#2AO:'+]G""(.$+]RPRLM]C?"$(]LcaMEbO%

%

!"#$%&"'()*"'+,%7F"#H;.$+%IPR%#A%#%-/#H3%-:Yd%8%T#/.4#(.:$%#$4%T"'.9.H#(.:$%822':#H;O%1\NONNNLN,D%.$%

X'"A"$(#(.:$Z%#*A('#H(%.$(!"##$%&'()*(%+$(,-$.&/0'(1+23&/0#(4)/&$%2,%<#$%R."+:,%I#/.9:'$.#%J<8,%MNLM,%?:/O%
[c,%$:%Lc,%2O%McMO%;((2d]]>""(.$+O#2AO:'+]G""(.$+]RPRLM]C?"$(]LcacME%

%

!"#$%&"'()*"'+O%7P.'A(%R#0%P'#>.$+%8H(.?.(."A%9:'%<C=,D%!#$@#'0%LE,%MNL\O%

;((2d]]BBBOH:/:'#4:O"4@]A".]9#HW'"A:@'H"A]9'#>.$+O;(>/O%

%

!"#$%&"'()*"'+,%R"B"0%R03A('#,%V:#;%P.$3"/A(".$,%5#(;/""$%&.$3:,%G"/%<#*.//#,%-"$%T#$%R@A"$,%#$4%

<(#>#(.A%T:3:AO%7F;#(%=A%I::/d%F;"%V#(@'"%K9%8"A(;"(.HA%.$%X;0A.HA%W%XCSI%MNL\%8*A('#H(%<@*>.AA.:$%

R"(#./%X#+"OD%S:@$4%F#*/"%2'"A"$("4%#(%(;"%X;0A.HA%C4@H#(.:$%S"A"#'H;%I:$9"'"$H"%MNL\,%X:'(/#$4,%KS,%

!@/0%Lc,%MNL\O%;((2d]]BBBOH:>2#4'"O:'+]2"']2"'H]MNL\]4"(#./OH9>_=R`[MLNO%

%

!"#$%&"'()*"'+O%78"A(;"(.HA%:9%P/:B%T.A@#/.)#(.:$OD%X:A("'%2'"A"$("4%#(%(;"%X;0A.HA%C4@H#(.:$%S"A"#'H;%

I:$9"'"$H"%MNL\,%X:'(/#$4,%KS,%!@/0%Lc,%MNL\O%

;((2d]]BBBOH:>2#4'"O:'+]2"']2"'H]MNL\]4"(#./OH9>_=R`[MLLO%

%

-'"((%GHe@.//#$,%!"#$%&"'()*"'+,%#$4%1JX=F8%GKVFKU8O%7K$%(;"%R"?"/:2>"$(%:9%=$4::'%8.'%e@#/.(0%

I:$(':/%JA.$+%<0$(;"(.H%!"(AO%X#2"'%fX:A("'g%V@>*"'d%MI&ObOD%X:'(/#$4,%KS,%<"2(O%\N%W%KH(:*"'%E,%MNL\O%

;((2d]]MNL\O###'O:'+]O%

%



!"#$%&"'()*"'+,%-./#(%01%23345%./"%6#(7'"%89%:"1(/"(;<1%;$%=47;>%?/@1;<1,A%0$%!"##$%&'()*(%+$(,-$.&/0'(
1+23&/0#(4)/&$%2B%CD5B%67E*"'%FD5FGHIFGC,%?;((1*7'+/B%?:B%63J"E*"'%KH%L%KGB%KMFN,%
/((O5PPE""(;$+1,#O1,3'+PQ""(;$+PR=RFNPSJ"$(PKMKGMH,%

%

!"#$%&"'()*"'+,%-S>7<#(;3$#4%T"137'<"1%0$<47>;$+%U"#'$2/"ES,<3E,A%?'"1"$(#(;3$%#(%:?V%R=R%=47;>1%
S>7<#(;3$%U7$</%W3'X1/3O%O'"1"$(">%#(%(/"%:E"';<#$%?/@1;<#4%V3<;"(@%R;J;1;3$%39%=47;>%R@$#E;<1%GG(/%
:$$7#4%Q""(;$+B%?;((1*7'+/B%?:B%63J"E*"'%KCB%KMFN,%/((O15PP*"'X"4"@,#OO,*3Y,<3EPR=RL
">7PFPFNNNFNHCKDPFFZNFHMKZFHPF,%

%

!"#$%&"'()*"'+,%5+$(1)6$.()*(,$3%+$%&/3,%:$$7#4%?'3+'"11%T"O3'(B%V(#$>#'>%['#$(,%6#(;3$#4%V<;"$<"%
=37$>#(;3$B%R"<"E*"'%DB%KMFN,%

%

!"#$%&'()&*$"+,-(+"'(.+/&,-(
%

-=47;>%Q"</#$;<1%39%=4#E"%V(#*;4;)#(;3$BA%\'3]$%^$;J"'1;(@B%?'3J;>"$<"%T,0,B%8<(3*"'%FZDG,%

-=4#E"%:$</3';$+%;$%?'"E;Y">%=4#E"1A%^$;J"'1;(@%39%W#1/;$+(3$B%V"#((4"B%W:B%8<(3*"'%FZDG,%

-_3'("Y%V/">>;$+%;$%T3>%V(#*;4;)">%=4#E"1A%^$;J"'1;(@%39%V37(/"'$%2#4;93'$;#B%U,:,%2:B%8<(3*"'%FZDG,%

-_3'("Y%V/">>;$+%;$%T3>%V(#*;4;)">%=4#E"1A%2#4;93'$;#%0$1(;(7("%39%."</$343+@B%?#1#>"$#B%2:B%!#$7#'@%
FZD`,%

-_3'("Y%R@$#E;<1%;$%#$%:1@EE"(';<%V7>>"$%SYO#$1;3$A%2#4;93'$;#%%?34@("</$;<%V(#("%^$;J"'1;(@B%V#$%U7;1%
8*;1O3B%2:B%Q#@FZZM,%

-_3'("Y%R@$#E;<1%;$%#$%:1@EE"(';<%V7>>"$%SYO#$1;3$A%^$;J"'1;(@%39%2343'#>3B%\374>"'B%28B%Q#@%FZZM,%

-\"/#J;3'%39%23$9;$">%V/"#'%U#@"'1%;$%#%T"<(#$+74#'%V7>>"$%SYO#$1;3$A%23'$"44%^$;J"'1;(@B%0(/#<#B%6aB%
:7+71(%FZZM,%

-\"/#J;3'%39%23$9;$">%V/"#'%U#@"'1%;$%#%T"<(#$+74#'%V7>>"$%SYO#$1;3$A%:';)3$#%V(#("%^$;J"'1;(@B%
."EO"B%:bB%%V"O("E*"'%%FZZM,%

-?/#1"LU3<X">%./'""LR;E"$1;3$#4%=43]%;$%#%T"<(#$+74#'%V7>>"$%SYO#$1;3$BA%2343'#>3%V</334%39%Q;$"1B%
[34>"$B%28B%:O';4%FZZN,%

-23E*71(;3$%=47;>%Q"</#$;<1A%.#4X%93'%:VQS%2^%\374>"'%1(7>"$(%</#O("',%="*'7#'@%FZZ`,%

-VO4;(%!"(1%#$>%=4#E"1%;$%Q;<'3+'#J;(@BA%6:V:%U"];1B%24"J"4#$>%8&B%8<(3*"'%FZZ`,%

-2#'>;#<%=47;>%R@$#E;<1BA%2^%\374>"'%1(7>"$(%</#O("'%39%(/"%\;3E">;<#4%S$+;$""';$+%V3<;"(@B%:O';4%KMMF,%

-Q3>"4;$+%Q;('#4%=43]%R#(#BA%:OO4;">%Q#(/"E#(;<1%23443c7;7EB%.7"1>#@%="*'7#'@%HB%KMMNB%2^%\374>"',%



!"#$%&'()*+#(,+-($./&%(-0&1#23&4%22-5+.6&7+##289&-+#:&$.&"#$%&'()*+#(,+-($.&;$*8)2<&+-&-02&=$*#>28&
?*)2*5&$@&A$.-25B$8+89&18-<&CDEFDGC6&1;;$5B+.(2>&@*##&230(H(-&$@&(5+I2)&@8$5&-02&;$*8)2<&@8$5&
JDKEDEGGC&-$&LDEDEGGC&

M6&N28-,H28I&+.>&16&4%22-5+.<&!18-&+.>&O09)(;)P&1&"#$%&'()*+#(,+-($.&A$*8)2&+.>&Q*-82+;0&R3B28(2.;2/6&
S.T(-2>&B+B28<&UNGE<&EGGL&V(.-28&?22-(.I&$@&-02&1528(;+.&1))$;(+-($.&$@&O09)(;)&W2+;028)6&
1#H*X*28X*2<&Y?<&M+.*+89&Z[KE<&EGGL6&1H)-8+;-&B*H#()02>&(.&!"#$%&&'(&)#*<&'$#&JC<&BI&KG\6&

]W2+;0(.I&"#$%&'()*+#(,+-($.P&-02&18-&+.>&O09)(;)&$@&"#*(>&"#$%]&%(-0&1#23&4%22-5+.6&S.T(-2>&-+#:<&B+8-&$@&
-02&A^&4B2;(+#&_2+8&(.&18-&+.>&?+-06&YA1`&?2)+&a+H$8+-$89<&"2H&KG<&EGGL&

!1&A$*8)2&(.&"#$%&'()*+#(,+-($.P&-02&18-&+.>&O09)(;)&$@&"#*(>&"#$%/&O09)(;)&R>*;+-($.&`2)2+8;0&I8$*B&
522-(.I<&Q;-6&EGGL6&

!=2+*-(@*#&O09)(;)&"8$5&Q8>(.+89&"#*(>)/&7*2)-&#2;-*82&(.&?ARY&JGEK<&bDEZDEGG\6&&

!=2+*-(@*#&O09)(;)&"8$5&Q8>(.+89&"#*(>)/&4(I5+&c(&(.T(-2>&-+#:<&&KKD\DEGG\6&

!=2+*-(@*#&O09)(;)&"8$5&Q8>(.+89&"#*(>)/&WR`A&(.T(-2>&-+#:<&&KDKFDEGGF6&

!=2+*-(@*#&O09)(;)&"8$5&Q8>(.+89&"#*(>)/&1BB#(2>&?+-0&U2B-&425(.+8<&A^&=$*#>28<&&EDK\DEGGF6&

!=2+*-(@*#&O09)(;)&"8$5&Q8>(.+89&"#*(>)/&128$)B+;2&R.I(.228(.I&U2B-&425(.+8<&^.(T28)(-9&$@&
V+)0(.I-$.<&&JDLDEGGF6&

!=2+*-(@*#&O09)(;)&"8$5&Q8>(.+89&"#*(>)/&S.T(-2>&425(.+8&+-&^.(T28)(-9&$@&V9$5(.I<&a+8+5(2<&JD\DEGGZ6&

!S.-8$>*;-($.&-$&"#$%&'()*+#(,+-($./&=*(#>(.I&49)-25)&425(.+8<&A^&=$*#>28&KGDbDEGGZ6&&

!S5B+;-&+.>&Q*-;$52)&$@&+&"#$%&'()*+#(,+-($.&A$*8)2/&O09)(;)&R>*;+-($.&`2)2+8;0&I8$*B&522-(.I<&
1*I*)-&EGGb6&

!S5B+;-&+.>&Q*-;$52)&$@&+&"#$%&'()*+#(,+-($.&A$*8)2/&"#*(>)&A$..2;-($.)&dU2B-6&?2;0+.(;+#&
R.I(.228(.I<&A^&=$*#>28e&I8$*B&522-(.I<&Y$T25H28&EGKG6&

!18-&@$8&-02&4+:2&$@&S5B8$T(.I&R.I(.228(.I&R>*;+-($./&A^&R.I(.228(.I&R>*;+-($.&`2)2+8;0&78$*B&
522-(.I<&Y$T25H28&EGKK6&

!W02&O)9;0$#$I9&$@&O8+()2/<&W+*&=2-+&O(&(.(-(+-($.&>(..28<&CDKLDEGKE6&

!W02&12)-02-(;)&$@&=2+*-9<&O$%28&+.>&U2)-8*;-($.</&1O4&U"U&4B2;(+#&42))($.&$.&?2>(+&A$55*.(;+-($.)<&
4+.&U(2I$<&A+#(@$8.(+&^41<&KZ[Y$T[EGKE&

!W02&12)-02-(;)&$@&=2+*-9<&O$%28&+.>&U2)-8*;-($.6/&S.T(-2>&B82)2.-2>&+-&-02&V+-28&`2)$*8;2)&425(.+8<&
U2B+8-52.-&$@&A(T(#<&R.T(8$.52.-+#&+.>&18;0(-2;-*8+#&R.I(.228(.I<&=$*#>28<&AQ<&M+.*+89&K\<&EGKJ6&

!=2+*-9<&O$%28<&U2)-8*;-($.&+.>&Q>>.2))P&W02&12)-02-(;)&$@&"#$%&'()*+#(,+-($.6/&425(.+8&B82)2.-2>&+-&
-02&"#*(>)&425(.+8&428(2)<&^.(T28)(-9&$@&A$#$8+>$<&=$*#>28<&42B-25H28&J<&EGKJ6&

!=2+*-9<&O$%28<&U2)-8*;-($.&+.>&Q>>.2))P&W02&12)-02-(;)&$@&"#$%&'()*+#(,+-($.6/&425(.+8&B82)2.-2>&+-&
-02&R.I(.228(.I&R>*;+-($.&`2)2+8;0&78$*B<&^.(T28)(-9&$@&A$#$8+>$<&=$*#>28<&42B-25H28&KF<&EGKJ6&

&



!

"#$$%&'!(&)!*%&)+&,!-#../$'!0/$!1%(&!2%$'34%$,!!

!"##$%&'
567%!*/8%$!/0!9%:'7%'+;:5!<-=!>?@AA!.$/,$(BC!2%$'34%$,!*?D!"#$$(&D!=+&E%F:'%+&D!?'/!"/G*?:C!HIJHIJKHIL!
G!IKJLIJKHIMD!NIOHDHHHC!!

M!P+B%&:+/&(F!"($)+(;!Q>?!0/$!'7%!P+(,&/:+:!(&)!9::%::B%&'!/0!*#FB/&($R!2R.%$'%&:+/&C!S#';7%$!-%%)!
@$(&'D!'8/!R%($:!4%,+&&+&,!(0'%$!0/$B(F!(8($)!(&&/#&;%B%&'!+&!KHIKC!NIHHDHHHC!=%&:'%$!*?D!2%$'34%$,!
"/*?C!HTJHIJKHIK!U!OJLIJKHIMC!!

"?>6V!0/$!'7%!<('+/&C!S/$)%$!*?!(&)!9)B+&!V%()%$D!2%$'34%$,!"/G*?!(&)!9;()%B+;!V%()%$D!:#4;/&'$(;'!
0$/B!<-=!W+(!XC!Y+:;C!IHZ!9[!)+$%;'D!I!;/#$:%!4#R)/8&!@$()!-;7//F!;/&'$+4#'+/&C!NKHHDHHHC!\JIJIL!G!
IKJLIJIOC!

!

*%&)+&,!

</&%!

!


