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Abstract an observer to be present at the activity of interest. These
include coverage of breaking news, emergency response, or
The emergence of personal mobile computing and ubig-grand parents joining the grandchildren on a trip to the zoo.
uitous wireless networks enables powerful eld applica- The application investigated in this paper is video-suppor
tions of video streaming, such as vision-enabled command©r @ supervisor overseeing hazardous materials disposal.

centers for hazardous materials response. However, ex- Despite incredible advances in wireless networking and

perience has repeatedly demonstrated both the fragility of Fhe mobile devices connected by it, our repeated experience

the wireless networks and the insatiable demand for higher > that wireless networks in uncontrolled settings are-frag
. . X 9 ile, and there is seemingly unlimited demand for more video
resolution and more video streams. In the wild, even the

' A - : = streams at higher resolution. Modern video streaming tech-
best streaming \{ldeo mechanlsms result in IOV\'/-resqutlon,mques heavily depend on temporal (inter-frame) compres-
low-frame-rate video, in part because the motion of rst- sjon to achieve higher frame rates, while minimizing the im-
person mobile video (e.g., via a head-mounted camera) decpact on resolution when operating at the network's capacity
imates temporal (inter-frame) compression. We introduce Unfortunately, the panning motions common to rst-person
a visualization technique for displaying low-bit-rate trs mobile video (captured from a headcam, say) virtually elim-
person video that maintains the bene ts of high resolution, inates inter-frame compression. To stay within the avéglab
while minimizing the problems typically associated witlo ~ bandwidth, either the frame rate or the resolution must be
frame rates. This technique has the unexpected bene t offeduced. In applications like hazardous materials didposa
eliminating the “Blaire Witch Project” effect — the nausea- Mmage resolution cannot be sacri ced, making a low-frame-

inducing jumpiness typical of rst-person video. We explor faté encoding the only viable option. Ironically, lowenrfra
the features and bene ts of the technique through both arates further reduce the likely overlap between frames, fur

eld study involving hazardous waste disposal and a lab ther reducing inter-frame compression.

dv of side-bv-sid . ih al hod The problem with low-frame-rate video is that a one-
Study of side-by-side comparisons with alternate methods.qe o interval between frames is long enough to disorient

The technique was praised as a possible command centefyg yiewer. This is especially true with head-mounted cam-
our low-bitrate encoding technique to the full-frame, high view to rotate 180 degrees. With little or no overlap be-
resolution video that was used as a control. tween successive frames, the viewer lacks the information
required to understand how the frames relate to one another.
In this paper, we present a visualization technique that
minimizes the confusion caused by low-frame-rate video,
using modest hardware and processing. If the orientation of
the camera is known — either by attaching tilt sensors and
The emergence of personal mobile computing and ubig-an electronic compass to the cameras, or by using an on-
uitous wireless networks allows for remote observation in |ine vision processing algorithm on the cameras — we can

uncontrolled settings. Remote observation is powerful in generate a visualization that shows the viewer how con-
situations in which it is not possible or too dangerous for

1. Introduction



Figure 1. Snapshots of two transitions in progress. The top row degiatamera pan from left to right where the frames do not
overlap. The bottom is a morph from the frame on the left tdrdmae on the right as the camera pans down and to the rightdk lo
at the child. The live experience is one of smooth camera mene

secutive frames relate to one another. The visualizationproaches to low-frame-rate video with a laboratory study in
takes the form of a dynamicansitionsimilar to those de-  which 14 subjects were asked to view video clips of three
scribed for switching between two streaming cameras lo- different scenes that were encoded in four different ways.
cated in the same environment [9]. A transition (Fig. 1) A surprising result of this study is that four of the subjects
has two components: movement (rotation) of the viewing actually preferred watching our 1fps transition-enhanced
portal from one frame to the next, and a gradual alpha-video over full-frame (12fps), high quality video. Nearly
blend between the overlapping portions of the frames. If all of the participants preferred our visualization to tlies
the frames do not overlap at all, the current frame rotatesvideo clip that was encoded at a comparable bitrate. One
off of the screen, a spherical grid (as viewed from the cen- further interesting result is that nearly all of the partici
ter of the sphere) continues to show the degree and direcpants were unable to discern the difference between a clip
tion of orientation, and nally the next frame rotates onto that performed a simple alignment and blending between
the screen. The net effect is a high-frame-rate interpola-frames, and one that also performed a morph between the
tion of the camera's motion between the frames. Theseframes to produce more seamless transitions. This result
transitions intuitively convey the relative positions tiet  can be explained by the brain's ability to comrmlbsure
frames, and no users in our user study reported anythingwith minimal cognitive load when modest amounts of vi-
more than occasional temporary confusion when watch- sual information are missing [8].
ing long sequences of these transitions. Due to the vi- The remainder of this paper is organized as follows: In
sual nature of this work, we encourage the reader to viewsection 2 we motivate the use of video in a disaster response
short video clips of transitions downloadable from the web setting, and describe the constraints that such an environ-
(http://ubivideos.homeip.net ). ment places on technical solutions. In section 3 we describe
We explore the features of this approach in part with a our solution, and in section 4 we discuss related work. Sec-
eld study of a hazardous materials (hazmat) supervisor re-tions 5 and 6 present our eld and lab studies.
motely monitoring a live video feed — transmitted over a
“broadband” cellular network — of two hazmat workers dis- oo
posing of hazardous chemicals. The camera was mounte(?' Motivation
on the mask of one of his team members. Such a system
con guration is motivated by a response in a damaged and There are many situations in which high-panning low-
chaotic environment. The supervisor's impressions of our bit-rate video can have value. Consider, for example, CNN
visualization technique were surprisingly favorable, aed ~ coverage of hurricanes or remote war-torn areas where
dismissed the alternative encodings that were availatiie. T CNN resorts to satellite-phone video segments. These feeds
unmodi ed low-frame rate video left him feeling disori- are tolerable for the talking-head shots, but panning of the
ented, and the low-quality 5fps (frames-per-second) videosurrounding environment to show viewers what is happen-
was so choppy and disorienting that it interfered with his ing results in a dissatisfying choppy, grainy image. There
thinking and made him nauseated. are also man-on-the-street news reporting scenarios where
We explore the ner distinctions among the various ap- it might be desirable to look at low-bitrate video. Break-
ing news such as an accident, prior to the arrival of tradi-



tional television cameras, could be viewed through citizen ally has very little redundancy between frames, rendering
cameras with feeds transmitted over cellular networks, ortraditional codecs that rely on temporal redundancy imeffe
overlooked news could be streamed direct to the internet bytive. With low temporal redundancy in the video input, most
citizen mobile phones. codecs do little better than motion JPEG (MJPEG) which
simply performs spatial compression on each frame in the
video sequence.

; ; In the heavily constrained networks described above,
the early stages of a disaster response, or even during th't?vhere the frame rate must be reduced to maintain image

late stages of a chemical clean-up are scenarios that can bSuality, the increased interval between frames further re-

impacted today. This paper focuses on this latter SCeNAMo g, ces temporal redundancy, minimizing the bitrate savings
and we have used the requirements of a hazardous materi-

als (hazmat) supervisor as the requirements for our videoOf the decreased frame rate. The result is a heavily deci-
streaming soluticp)n We consulted c\]/vith the Hazardous Ma- mated frame rate. As the frame rate drops, it becomes dif-
terials Business Plan Manager (hereafter referred to as Tod cult to track objects, and eventually it is even dif cult to

; ; A . orient yourself in the scene.
at the University of California, San Diego (UCSD) to deter- Traditionally, the only option at this point has been to
mine how live video might be used at a hazmat scene.

AS & supervisor it is Tod's iob to know what is doing on reduce the image quality to increase the frame rate to non-
; pen ' . 10D X going on, disorienting levels. Our approach preserves image quality
to interface with the various entities on scene (such as re

. : while mitigating the negative effects of low frame rates.
ghters, witnesses, and lab managers), and to supervise the
stabilization and cleanup of the environment. Live video
feeds from the scene would help Tod assess the health an®. Our Approach
safety of his team, aid in identifying hazards, and allow ex-
perts outside of the hotzone to assist with operations.

Hazardous Materials Cleanup. The use of video during

To reduce the disorienting effects of low-frame-rate
video, our concept is to perform a dynamic visual interpo-
Networking Challenges. The signi cant radio interfer-  lation between frames using meta data captured from a dig-
ence at a disaster scene (both natural and man-made) wrealkal pan/tilt compass or inferred using vision techniques.
havoc with communication. In contrast to existing hazmat particular, we align the frames in a spatially consisteny wa
video transmission systems which typically use analog sig-in a 3d graphics environment, and then use rotational and
nals, we have decided to use a digital signal for a number oftranslational motion to segue between the frames, produc-
reasons. First, in the larger-scaled deployment of our par-ing a high-frame-rate experience that captures the eftécts
ent system, RealityFlythrough, we are piggy-backing on a camera motion. Because precise frame stitching is impossi-
state-of-the-art wireless mesh network [2] that is deplbye ble in real-time using 2D data, we use a dynamic crossover
by rst-responders to support the coordination of medical alpha-blend to help the viewer correlate the information in
treatment for victims. Second, the varying conditions of the overlapping parts of the frames.
the network caused by radio noise can be better managed in An imperfect alignment between two frames, due to, say,
the digital domain. Frame rates can be throttled and imageinaccurate sensor readings is less of an issue than might be
guality can be degraded in a controlled manner. Most im- expectedClosureis a property of the human visual system
portantly, we can guarantee eventual delivery of errog-fre that describes the brain's ability to Il in gaps when given
images (with a very high latency) when conditions are so incomplete information [8]. It is a constant in our lives;
bad that only a small amount of data can trickle through the closure, for example, conceals from us the blind spots that
network. And third, we can use the same bandwidth man-are presentin all of our eyes. So while there is ghosting, and
aging techniques to support multiple cameras. maybe even signi cant misregistration between frames, the

Radio interference in a digital mesh network results in human brain easily resolves these ambiguities.
frequent disconnects and low throughput. 802.11b has an The rest of this sections describes the details of our ap-
expected bitrate of 6.4Kbps, but noise, overhead introdiuce proach.
by the mesh network, and the many other clients compet-
ing for bandwidth have reduced the effective bandwidth to
100Kbps for each camera in a typical 3-camera deployment.
Similar conditions are found in an alternate deployment sce
nario which uses a cellular network instead. In this case,
immature technology is the main source of fragility.

Creating a Panoramic Effect. Our approach can be de-
scribed as the creation of a dynamically changing and con-
tinually resetting spherical panorama. Each incoming &am
is positioned on the panorama, and projected onto a plane
that is tangential to the sphere to avoid distortion. A
dynamictransition then moves the user's viewpoint from
Video Compression Challenges. The conditions that the current position within the panorama to the incoming
have been outlined so far present a signi cant challenge forframe's position (Fig. 1, bottom). The user's viewport
video compression. The video stream produced by a headhas the same eld of view as the source camera, so the
mounted camerais typically high-panning due to the naturalframe lIs the entire window once the transition is com-
head movements of the wearer. High-panning video usu-plete. Movement between frames looks like smooth camera



panning. There may also be a translational (shifting) nmotio and thus will not be accurately aligned. Nonetheless, clo-
effect if the camera moves forward or backward through the sure helps this technique produce very pleasing results.
scene.

A new panorama is started when consecutive frames do,

not overlap (Fig. 1, top). The frames are positioned at their Ser:jsor-bas?dh.Framelz tPI?cement.fWhen tﬁ”:fT fail|s t?
relative locations on the sphere, with an appropriate gap be produce matching points foranéwirame, the frame's place-

tween them. To help the user stay oriented, a wireframe of ment depends on sensor data gathered from the camera rig.

the sphere that serves as the projective surface is digplaye Tlhe tcamera units we utie tare mt(jz?rr]at?lctj W't”h tlltgena;)r? tand
Horizontal and vertical rotations are thus easily recogtiz electronic compasses that record the tilt, rofl, and yawe

The grid wireframe could be further enhanced by including cameras at 15hz. This information allows us to positior! the
markers for the equator and the cardinal directions. frames on the sphere. However, the sensor accuracy is not

The planar simpli cation of 3d space only works for a good enough for generating a my_lti-frame panorama. Thqs,
short interval when cameras are mobile. For this reason the p!acement of such aframe Initiates a new panqrar_nawﬂh
at most ve frames are placed in a given panorama The’the single frame. The rotational part of the transitioniié st
oldest frame is discarded when this limit is reached. This is Pe'formed with the dynamic alpha-blend, using the previ-

not a signi cant compromise because the source and targegegrfrsaiwfesv\?:%;ﬁgtf{]‘:‘r\'): isnfrgrlfr;“z;/'[?oﬁe;lfglrj tdtﬁtéj‘.re::l%ve;
frames of a transition mostly Il the viewport, and any other or absol e locations of the frames. we are unable to deter
frames in the panorama are lling in around these two. u : , W u

Frame placement in the panorama is managed througtﬂ_}'}ne theltr_elatlve tra_mslatlor??l ptosniﬁnlng t;etvyeen framdeb
a robust two-level scheme, as described in the rest of this € resuiting experience mitigates the contusion caused by
section. low frame-rate video, but often lacks the aesthetics of the

panorama and higher precision placement.

Image-based Frame Placement. When inter-frame rota-
tions are not too large, we use an implementation of Lowe's
SIFT algorithm [7] to nd matching points between a new
frame and the previous frame, and then do a best-t align- We are not aware of any related work that directly ad-
ment of the frames to t the new frame into the panorama. dresses the conditions we have set out to handle in this pa-
The point-matching is performed on the camera units in per, but there is some work that handles subsets of these
real-time, and the list of matched points between the cur- problems.
rent frame and the previous frame are transmitted with each  RealityFlythrough, which provides ubiquitous video
frame. In order to perform the matches in real-time on our support for multiple mobile cameras in an environment,
cameradevices, the frame is downsampled to a quarter resodses visualization techniques similar to the one we propose
lution (QCIF instead of CIF) prior to analysis by SIFT. The in this paper, but for inter-camera transitions [9]. It rega
result is good even at this lower resolution. knowledge of the positions of the cameras, as well as the
Each new frame is aligned to the previous frame by de- orientations, limiting its use to environments where ubiqu
termining an af ne correspondence between the frames. Wetous location sensors are available, such as outdoors.
look at the relative position, orientation, and zoomingdahs Irani, et al. directly address the problem of encoding
on the two matching points in each frame that are furthestpanning video [5]. They construct a photo mosaic of the
apart. After aligning the new frame, the frame is warped so scene, and are then able to ef ciently encode new frames
that the matching points are exactly aligned. Surroundingby using the difference between the frame and the mo-
points are warped by an amount proportional to the inversesaic. With this technique, it no longer matters if conseuti
of the distance to the neighboring control points. A tran- frames have much overlap because the assumption is that
sition to this new frame thus involves a morph as well as similar frames have overlapped enough in the past to con-
the standard rotation and alpha-blend. At the end of thestruct the mosaic. Unfortunately, mosaic-based compres-
transition, the new frame will be unwarped, and all of the sion cannot be used in our scenario because our cameras
other frames will be rotated and warped to match the con-are mobile. Mosaic-based compression works well as long
trol points in the new frame. as the camera remains relatively static and pans back and
Even with point matching, the alignment is not fully pre- forth over the same scene, but if the camera moves through
cise. Our planar simpli cation of 3d space makes objects in the scene, there will be little opportunity to nd matches
the scene that are at depths different to those of the pointswith previous images. Essentially mosaic-based compres-
that have been matched be less accurately aligned. Even iion extends the search window for similar frames. If there
the depths of the matching points were recovered, the num-are only a few similar frames, it does not matter how big the
ber of matching points (10-20) is very small relative to the search window is, as there will rarely be a match.
number of objects and object depths in the scene, so any There are many examples of codecs that are designed to
recovered geometry would be coarse. Also, since we arework in wireless, low-bit-rate environments, althoughstae
operating in real environments, dynamic objects that move codecs generally rely on the signi cant temporal compres-
between frames will not have any point correspondences,sion that is possible in “talking-head” video. H.264 [15]

4. Related Work



(also known has MPEG4-10) represents the current state-The Equipment. It was important to make the camera
of-the-art. When compressing rst-person-video at low bit system as wearable and unobtrusive as possible, given our
rates, though, there is little perceptible difference lestv ~ desire to discover the real motion models of the camera.
H.264 and the more common MPEG4-2 [1] (commonly  We attached a disassembled Logitech webca®100)
referred to simply as MPEGA4). This is not surprising con- to the front of the mask, and sewed a tilt sensor manufac-
sidering the low temporal redundancy. tured by AOSI ( $600) into the netting of the mask that
A non-traditional approach to video compression pro- rested on the top of the head. These devices connected to
posed by Komogortsev, varies the quality of the video baseda Sony Vaio U71P handtop computer§2000) which was
on where the viewer is looking [6]. By using eye-gaze- placed in a small backpack. Tod, the team leader introduced
trackers on the viewer, and predicting where the viewer will in section 2, insists that the bulking experience be a raplic
look next, the overall image quality can be low, but the per- of real-world hazmat scenarios, so we chose to transmit the
ceived quality would be high. This approach would be dif- video across the Verizon 1XEVDO network, which might
cult to implement in our scenario because the network la- be the only readily available network if, say, a burnt out lab
tency is so high (4-5 seconds) that the gaze direction wouldwere being cleaned up. The video feed was transmitted to
have to predicted far in advance. our server, a standard VAIO laptop (FS-79081600) con-
There has been substantial work on generating panoranected via 802.11 to the campus network.
mas from still photographs [13, 4]. Real-time dynamic = The 1XEVDO upstream bitrate was measured at between
creation of panaoramas on a handheld camera device ha60 and 79Kbps, and the campus downstream bitrate at
been used to help with the creation of a static panorama [3].3.71Mbps. We xed the frame rate of the video feed to
Panoramas can also be ef ciently created from movie cam- .5fps to ensure that we would stay within the range of the
eras assuming the camera's position is relatively stafit [L  1xEVDO upstream speed.
All of these techniques require some way to match points

between images. We rely heavily on Lowe's SIFT algo- The Task. We had Tod use the video that was being trans-
rithm [7], speci cally the Autopano implementation of it mitted by one of his bulkers to explain to us the bulking
(http://http://autopano.kolor.com/ ) process. This think-aloud interaction is realistic in thad

_ Atechnique to remove distortions during image morphs needs to train others in how to conduct his task for times
is described by Seitz and Dyer [11]. This technique pro- \yhen he is on vacation or out sick. For us, this interaction
duces natural morphs, but it requires manual user interven-eryed several purposes: (1) It would give Tod a reason to
tion with each morph and is thus not applicable in our sce- pe viewing the video, (2) it would encourage him to verbal-
nario. In practice, our technique rarely produces morphsize his impressions of the system, and, (3) it would allow us
that might cause disorientation, so morphing improvements; gpserve the effectiveness of the video stream as a com-

would only be an aesthetic luxury. municative device. Did the video provide enough detail to
help illustrate what he was describing, and at a fundamental
5. Hazmat Field Study level, did he understand what was going on?

As an expert, Tod's subjective opinion of the system was
i important to us. The requirements are domain speci ¢, and
We had several goals for our eld study. First, we wanted oy someone who has experience operating in a command

to know if our visualization technique was suitable for a center can know if the quality of the video is appropriate for
hazmat command center. Second, we wanted to see if OUfpe task.

system could work in a realistic environment for an ex-
tended period of time. And third, we wanted to discover the 5.2 Results
motion model of a head-mounted camera a xed to someone™

doing a real job, oblivious to the presence of the camera. .
9 ] P Our camera system was worn by one bulker for the entire

. exercise which lasted for roughly 64 minutes. The bulking

5.1. Experimental Setup task was very demanding for our visualization system be-
cause the close quarters of the bulking environment lireit th

The Scene. Every week, two members of the the UCSD eld of view, and the heavy physical activity creates drasti
hazmat team perform a maintenance task that doubles asamera pans from ground to horizon.
an training exercise for response to an accident. All of the  Despite these challenges, Tod reacted favorably to the
hazardous waste that has been collected from labs aroundisualization. He was oriented immediately: “Ok, so this
the university is sorted, and combined into large drums in ais following Sam as he's moving around the room. And
process that is callebulking of solvents. This task serves as you can see they have a lot of work ahead of them.” The
as an exercise, as well, because full hazmat gear must bémage quality was good enough for him to identify the char-
worn during the procedure, giving the team members (we acteristics of chemicals: “This tells me a little bit abouet
will call them bulkerg experience putting on, wearing, and viscosity. | can see the liquids, whether they're pluggipg u
performing labor-intensive tasks in gear that they willase =~ Sometimes you get some chunks in there. And the thicker
an incident site. stuff — gels — looks like we had a little bit in there...”



Tod expressed an interestin ipping through the individ- 6. Lab Study
ual frames so that we could really study the pictures. We
showed him how he could pause the feed and move back |ntrigued by Tod's observations during the eld study
and forth through the images while still getting the bene t that our visualization method may actually bere plea-
of the visualization. The visualizations helped us stay ori gyrable to watch than high delity rst-person video, we
ented as he was describing the process, and saved him frofcreased the scope of our planned lab study to determine if
having to explain the relative positions of the images. our visualization method would have broader appeal. Might
We then discussed how our visualization compared 10t actually be an alternative to the sometimes nauseating,
the the normal view of low frame-rate data which at these «g|air Witch Project’ [10] quality of rst-person video?
speeds looked more like a sequence of still photos. “Liter- Toq's outright rejection of the disorienting high qualityy
ally for me, at the moment | would just go full screen on  frame-rate video feed was evidence enough that that encod-
this particular moving one (our visualization)... 'm n@tr  jng was no longer a viable candidate, allowing us remove it
ally even paying attention to this one (the low frame-rate from consideration in our lab study, and focus on this po-
stream). The individual photos clicking through. | could tentially stronger result.
be disoriented with that one... It would tell me that they're We were interested in uncovering people's subjective re-
moving around, but after that it's not giving me anything action to different encodings of rst-person-video. Very
that I really need for decisions.” simply, Do you like it or not?We wished to divorce the con-
Tod concluded with his assessment of the system: “Lettent and any perceived task from the judgments. It is easy
me tell you what | like about it. It's not overwhelming. o conceive of tasks that make any of the encodings succeed
It's appropriate. It's not a huge distraction. That's one of o fajl, so a task-oriented evaluation would reveal nothing
the things you have to be concerned about — the level ofnstead, we had to impress upon the subjects that it was the
distraction.... Yeah, | think you gotit” quality of the video that they were judging, and assure them
Tod 'also had recom'mendatlons for improvement: he that it was okay for the judgment to be purely subjective
would like to have multiple cameras so that he could see and even instinctive. The scenarios that were viewed and

the scene from multiple angles, he requested wider-anglethe questions that were asked were designed to achieve this.
lenses, and he wondered if he could set up xed cameras as

well. 6.1. Experiment Setup

5.3. Followup We recorded three 2-3 minute rst-person video seg-
ments using a camera setup similar to the one described in
the previous section. The rst was a video of a trip through

During the study we were of course unable to show the grocery store (representing a crowded environmegt), th

Tod other possible encodings of the data. Thus, we re-second was video of someone making breakfast for the kids

turned a few days after the experiment and presented him(representing an indoor home environment), and the third

with a re-creation of the experiment with 5fps video en- was video of someone taking out the garbage (representing
coded at bitrates comparable to the original experiment,an outdoor scene). The goal was to make the camera motion
using FFMPEG's MPEG4 codechttp://ffmpeg. and activities as natural as possible.

sourceforge.net ). His reaction surprised us because  The three videos were then encoded in four different

we assumed that the necessary drop in video quality (resoways.encFast (eFyvas sampled at 1fps and run through our

lution) would make the video unusable for hazmat: “l don't visualization systenencSlow (eSyas similar, but sampled
have a problem with the resolution on the right (the 5fps at .67fps.encldeal (el)was the “ideal” version, encoded at
video), but it's almost ipping through so fast that you're roughly 11fps (the fastest our camera system could record
not orienting yourself to what's going on... Yeah, | like the raw video frames) with an in nite bitrate budget. Awrdhc-
slower frame rate. It's not so much because of the resolu-Choppy (eClvas encoded at 5fps at a comparable bitrate to
tion, it's the amount of time that it takes me to know what the correspondingncFast

I'm looking at... [The 5fps video] is snhapping too fast — The subjects were asked to watch all of the video clips
it's too busy — it interferes with my thinking, literally,'st in whatever order they desired, and were encouraged to
messing with my head.” do side-by-side comparisons. They had complete playback

Even after showing him the high quality 6.67fps feed that control (pause, rewind, etc.). The following questionsever
had been captured directly at the camera, Tod still thoughtgiven to the subjects prior to the start of the experimerd, an
our abstraction was more appropriate for a command centeanswers were solicited throughout.
considering everything else that is going on. A command  What is your gut reaction? Rank the video feeds in order
center needs to maintain a sense of calm [14]. “This is just of preference. Describe the characteristics of each of the
one piece of information that you're going to be getting. video clips. Why do you like it? Why don't you like it?
The phone is going to be ringing, people are going to be If it was your job to watch one of these clips all day long,
giving you status reports. The [higher frame-rate video] is and there was no speci c task involved, which would you
just too busy.” choose? Why? Do any of these clips cause you physical



discomfort? Which ones? Do any of the clips create con- rankings towards the end of the experiment, moving our en-
fusion? If so, is it temporary or perpetual? Discounting the codings higher in preference. Everyone in the study liked
content, how do each of the clips make you feel? Have yourour encodings, regardless of how they ranked them. The
preferences changed? following is a sampling of the positive qualities voiced by

These questions were designed primarily to encourageour subjects:calm, smooth, slow-motion, sharp, artistic,
the subjects to think critically about each of the clips. Ob- soft, not-so-dizzyThere were of course some negative char-
taining a carefully considered ranking of the clips was our acterizations, tooherkey-jerkey, arti cial, makes me feel
main goal. However, the responses would also help sheddetached, insecure

light on the underlying reasoning.

The clearest pattern was the subjects' dislike of eC. We
will discuss the two exceptions to this a little later. Most

# S A G Initial Pref Final Pref stopped paying attention to eC early in the experiment be-
1 M 20 T eleFeSeC el.eF eSeC cause the quality, to them, was obviously much poorer.
2 F 60 F eleSeFeC el.eS eF, eC Many of the subjects had a strong personal criterion that
3 M 40 F eleFeSeC eS eF, el, eC they used for judging the videos. For some, it was clarity
4 F 40 F eFeSel eC eF eS el eC of the images and for others it was the lack of choppiness.
5 F 60 F eleSeF eC el.eS eF, eC There were also _those who_ were mostin _uenced by nausea.
6 M 30 T el eCeF eS el eF. eC eS Thg subjepts in the clarity camp (subjects 2, 5,' and 14.)
P o because despite the clarity of the images i
7 F 30 T eleCeFeS  eleFeSec  ereinteresting P y ay
' ' = eF and eS, they were bothered by the momentary blurriness
8 M 30 F eleSeCeF el,eS eC,eF during the transitions. As a result, they preferred el even
9 M 20 F eSeleFeC eSel, el eC though some of them indicated that the speed of the video
10 M 30 T el eCeFeS el, eCeF, eS was too fast. The clarity camp may have responded better
11 F 30 F eSeFReleC eSeF el eC to transitions that do not do alpha-blends.
12 M 30 T eleFeC,eS el,eF, eSeC The slightly longer interval between frames in eS made
13 M 20 T eCgeFeSel eC.eF eSel all of the difference for some. Subject 8 actually ranked eF
14 M 60 F eleFeSeC eleF eSeC the lowest because it was just too “herky-jerky”. Subject 9

Table 1. Summary of results# is the subject numbe®

is the sexA is the age, ands indicates if the subject had

any 1st-person-shooter game experieriodtial Prefis the

gut reaction ranking given to each of the encodings, and
Final Prefis the nal ranking. References to our encodings

appear in bold.

6.2. Results

liked eS the best, but ranked eF below el. eF “had a jolt-
ing, motion sickness feel.” Others, on the other hand, had
strong negative reactions to €S, because it was too slow and
boring. There appears to be a strong correlation between
an individual's lack of rst-person-shooter game expegen
and their preference for eS. None of the subjects who pre-
ferred eS had any game experience. First-person-video is
not something that people get a lot of experience watching,
unless they play rst-person-shooter games. With more ex-
perience, people may actually prefer the speed of eF.

This study helped explain why rst-person-video can be
so dif cult to watch. It comes down to control and expec-

The following summarizes the data found in Table 1. 14 tation. We are not bothered by our own rst-person view of

subjects participated in this study, 10 male, and 4 female,the world because we are controlling where we look. We
ranging in age from 20 to 60. All but two of the subjects pre- an anticipate what the motion is going to feel like, and we
ferred at least one of our encodings to the choppy encoding Know what to expect when the motion stops. When watch-
and 4 of the subjects actually preferred our encodings to thel"d something through another person's eyes, however, that
ideal encoding that was used as a control. 6 of the subject€Xpectationis lost, so we are always playing catch-up. Sub-
preferred eS to eF, and in all of these cases the preferencéect 4 preferred our encodings over el precisely for this rea
was very strong. None of these 6 subjects had rst-person-SOn- She said that el was moving so fast that she could not
shooter game experience. 4 of the subjects changed theiPick up any of the details. Just as she was about to focus

ranking of the encodings midway through the experiment, ©n the current scene to comprehend it, the view moved to

actually absorb what was going on.

Subjects 10 and 13 were the only ones who preferred eC
over our encodings. Their reasons were quite different so
we will consider them independently. Subject 10 simply
preferred traditional video to our encodings. He could see
the value in our encodings, and was not confused by them,
but he felt detached watching them.

Subject 13 is an interesting outlier. Not only did he rank

6.3. Analysis

Our encodings faired much better than expected. Not
only did 4 of the subjects rank them higher than el, there
were also 4 others who were explicitly on the fence, and
saw de nite bene ts to our encodings. Our encodings also
seemed to grow on people. 4 of the subjects changed their



eC the highest, but he ranked el the lowest! In a post- results are based on subjective preferences across tliree di
experiment interview we learned that he preferred the-artis ferent domains, and are thus untainted by task-speci ceval
tic quality of eC. It was edgy. He was bored by el and found uations that would limit the generality of our ndings.

it a little bit nauseating. He also liked the artistic feebair
encodings, but ultimately the “predator” feel of eC is what
drew him towards that one. Clearly, there is no one solution
that would appeal to everyone.
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A secondary goal of the lab study was to determine if the

morphing performed during transitions was helpful. As de- f

scribed in section 3, morphing can create better alignmentsRe erences

between the images by making all matching points overlap

exactly throughouta transition. ltwas notcleartousthatt  [1] International Organisation for Standardisation: |80

6.4. Secondary Study

morphing was providing much bene t, and when the vision JMT%1/5C|29/\4\6C251111MPE? 98,/'\1(2457- 1998. hanced
algorithm occasionally returned incorrect matching pgint 14 o rgssgi’);"se o ais;’;’tfrses;ngjcrf;;r:t;’;ﬁ tsoy‘;:p ;(')"gg -
the morph looked startlingly bad. [3] P.Baudisch, D. Tan, D. Stéedly,'E. Rudolph, M. Uyttendae

The surprising result was that none of the subjects could
d,'scem any difference be'gweemrphedandnon-morphed a real-time preview to help users avoid aws in panoramic
video clips when played side-by-side. It was only when the pictures. INOZCHI '05: Proceedings of the 19th conference
video was slowed down by a factor of eight that some of of CHISIG of Australia on CHIpages 1-10, Narrabundah,
the subjects noticed a difference, although even then they  aystralia, Australia, 2005. CHISIG of Australia.
only expressed a vague preference for one over the other.[4] M. Brown and D. G. Lowe. Recognising panoramas. In

C. Pal, and R. Szeliski. Panoramic view nder: providing

Stop-motion convinced all of the subjects that the alignimen ICCV '03: Proceedings of the Ninth IEEE International
between images was indeed better inh@phedversion. Conference on Computer Visiopage 1218, Washington,
We hypothesize two explanations for this result. (1) DC, USA, 2003. IEEE Computer Society.

Our brains are so good at committing closure that unless [5] M. Irani, P. Anandan, J. Bergen, R. Kumar, and S. Hsu. Ef -
there is perfect alignment between images, varying degrees  cient representations of video sequences and their applica
of misalignment (to a point) are perceived as being the tions. Signal Processing : Image Communicatigrages
same. There are times when closure is being performed _ 327-351, 1996. q o dict |
consciously, but for the most part this is a process that hap- 8] ©- Komogortsev and J. 1. Khan. Predictive perceptual com

pens unconsciously, and people are only vaguely aware of zzz;;o;aggzz%'_n;g; gg(()):ommumcatlon.Aﬁ:M Multi-
it happening. (2) The dynamic content is what is interest- (7] p G, Lowe. Distinctive image features from scale-irigat

ing in a scene — the very content that does not get morphed keypoints.Int. J. Comput. Vision60(2):91-110, 2004.
because matching points cannot be found. [8] S. McCloud. Understanding comics: The invisble art.

Harper Collins Publishers, New York, 1993.
[9] N. J. McCurdy and W. G. Griswold. A systems architecture

7. Conclusion for ubiquitous video. IfMobisys 2005: Proceedings of the
Third International Conference on Mobile Systems, Applica
We have presented a visualization technique for display- tions, and Servicepages 1-14. Usenix, 2005.

ing low-bit-rate rst-person video that maintains the bene 1] Efo;\gztncfgggd E. Sanchez. Motion picture: Blair witch

s of high re;solutiorj, while minimizing the prob_lems.; typ- [11] S. M. Seitz and C. R. Dyer. View morphing. Rroc. SIG-
ically associated with low frame rates. The visualization GRAPH 96 pages 21-30, 1996.

is achieved by performing a dynamic visual interpolation [12] D. Steedly, C. Pal, and R. Szeliski. Ef ciently regisitey

between frames using meta data captured from a digital video into panoramic mosaics. I€CV '05: Proceedings
pan/tilt compass or inferred using vision techniques. We of the Tenth IEEE International Conference on Computer Vi-
have demonstrated with a eld study that this technique sion (ICCV'05) Volume 2pages 1300-1307, Washington,
is appropriate in a command center, in contrast with tra- DC, USA, 2005. IEEE Computer Society.

ditional low-bitrate encodings which may cause disorienta [13] R. Szeliski. Image mosaicing for tele-reality apptioas. In
tion and physical discomfort. Our lab study con rmed that WACV94 pages 44-53, 1994.

our visualization has wider appeal and may have application!14] M- Weiser. ‘The computer for the 21st centuryduman-

in many other contexts. 12 of our 14 subjects preferred our iggg’”ter interaction: toward the year 20(fhges 933-940,
visualization to the current state-of-the-art given corapa [15] '

. - . 5] T. Wiegand, G. J. Sullivan, G. Bjntegaard, and A. Luthra
ble bitrate budgets. The surprising result is that 4 of the su Overvigw of the h.264/ave videoj coging standartEEE

jects actually preferred our visualization to the high feam Trans. Circuits Syst. Video Techd3(7):560-576, 2003.
rate, high quality video that was used as a control. These ’



