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ShareCam is a robotic pan, tilt, and zoom web-based
camera controlled by simultaneous frame requests from on-
line users. A companion papedescribes the system. This
paper, Part 1, focuses on algorithms. The ShareCam prob-
lem is to find a camera frame that optimizes a measure of
total user satisfaction. We present a grid-based approx-
imation algorithm: given camera frame requests fram
users, and approximation bouril we analyze the trade-
off between solution quality and processing speed and prove
that the algorithm runs i (n/€®) time. The algorithm can
be distributed to run irO(1/¢?) time at each client and in
O(n + 1/¢€) time at the server. Experiments suggest that

- . ™~ 7! Requested Optimal
performance of the distributed algorithm degrades grace- L _ . frames camera frame

fully as clients fail to complete their part of the computa-
tion. ShareCam can be found online at:
http://www.tele-actor.net/sharecam/.

Figure 1:Sharecam’s Java-based interface on the Internet.
The user interface includes two image windows. The lower
window displays a fixed “panoramic” image based on the
1 Introduction camera’s full workspace (reachable field of view). Each
user requests a camera frame by positioning a dashed rect-

Consider a robotic webcam set up at a panoramic site sucRndle in the lower window. Based on these requests, the

as the San Francisco Bay, Sydney harbor, etc. The Camerglgorithm computes an optimal camera frame (shown with

frame (based on pan, tilt, and zoom) can be remotely ad_solid rectangle), moves the camera accordingly, and dis-

justed by viewers via the Internet to observe details in theplays the resulting live streaming video image in the upper

scene. Current control methods rely on queueing, whereW'ndOW'

users have to wait patiently for their turn to operate the cam-

era. “ShareCam” is a new system that eliminates the queueiRobot (MOSR) system. Collaborative Telerobotics is mo-
allowing many users to share simultaneous control of thetivated by applications such as education and journalism,
camera. The Sharecam problem is to find a camera fram&vhere groups of users desire simultaneous access to a sin-
that maximizes a measure of user satisfaction. gle robotic resource. Inputs from each user are combined to

) generate a single control stream for the robot.
The “Sharecam” system is an example of Collabora-

tive Telerobotics, in this case the telerobot is a camera As illustrated in Figure 1, the Sharecam java-based inter-

with 3 degrees of freedom. In the taxonomy proposed byface includes two image windows. Problem input is the set

Tanie et al. [3], ShareCam is a Multiple Operator Single of requested camera frames frenusers. Problem output is
a camera frame that maximizes user satisfaction as defined
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dzslﬁfe@ﬁzsggitggfndgﬂ %Ollgtt;?frggl?éﬁﬁ;ﬁ%yegﬁa im- The Internet provides a Iqw—cost and Widely—avgilable inter-
plementatiorhas been submitted separately to this conference, andace that can make physical resources accessible to a broad
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Internet, are an active research area. In addition to the chal- In independent work, Kimber, Liu, Foote et al describe a
lenges associated with time delay, supervisory control, andnulti-user robot camera in [16, 17]. Similar to Sharecam,
stability, online robots must be designed to be operated bythey formulate the frame selection for multiple simultane-
non-specialists through intuitive user interfaces and to beous requests as an optimization problem based on position
accessible 24 hours aday; see [11, 12, 13, 15, 18, 21, 23, 24nd area of overlap. To solve their version, they propose an
for examples of recent projects. approximation based on the bounding boxes of all combi-
nations of user frames. This algorithm requires exponential

Chong et E.il‘ [3] proposgd the following _taxonomy time and does not provide formal bounds on approximation
for teleoperation systems: Single Operator Single Roboterror

(SOSR), Single Operator Multiple Robot (SOMR), and

Multiple Operator Multiple Robot (MOMR). and Multiple N [25], Song, van der Stappen, and Goldberg gave the
Operator Single Robot (MOSR). Most online robots are first algorithms for the ShareCam problem. We defined the
SOSR, where control is limited to one operator at a time. Generalized Intersection Over Maximum (GIOM) metric
One precedent of an online MOSR system is described byfor user “satisfaction” based on how the user's requested
McDonald, Cannon, and colleagues [2, 19]. In their work, frame compares with a candidate camera frame and re-
several users assist in waste cleanup using Point-and-Diredtorted arO(n*m) exact algorithm for a continuous pan and
(PAD) commands. Users point to cleanup locations in atilt with discretem levels of zoom. In the present paper, we

shared image and a robot excavates each location in turn. rélax the assumption that zoom has to be discrete and re-
ort approximation algorithms for continuous pan, tilt, and

In [6, 5], Goldberg and Chen described an Internet—basecfz)oom, which runs irO(n/€3) time.
MOSR system that averaged multiple human inputs to si-
multaneously control a single industrial robot arm. In [7]
Goldberg, Song, et al. propose the “Spatial Dynamic Vot-
ing” (SDV) interface. The SDV collects, displays, and ana-
lyzes a sequence of spatial votes from multiple online oper- L
ators at their Internet browsers. The votes drive the motion3 ~ Problem Definition
of a single mobile robot or human “Tele-Actor”.

ShareCam Part I, A companion paper submitted sepa-
rately to this conference, describes system interface, archi-
tecture, and implementation.

In this section, we formulate the collaborative camera con-
Our problem is a nonlinear optimization problem with a trol problem as an optimization problem: finding the cam-
non-differentiable objective function. The structure of the era frame that maximizes total user satisfaction. Note that in
problem is closely related to the planarcenter Facility — contrast to [25], where zoom is a discrete variable, we for-
Location problem, which was proved to be NP-complete mulate the more general version with continuous pan, tilt,

by Megiddo and Supowit [20]. Using a geometric ap- and zoom parameters.

proach, Eppstein [4] gave algorithm for the the planar 2-
Center problem irO(nlog® n). Halperin et al. [10] gave
an algorithm for the 2-center problem with obstacles
that runs in randomized expected tir@&m log?(mn) +

Let ¢ be a vector of parameters that users can control.
In the Sharecam system, frame= [z, y, z], wherez,y
specify the center point of the input rectangle, which is cor-
5 responding to pan and tilt, and z specifies size of the rect-
mnlog”nlog(mn)). angle, which can be used to control zooprdefines a rect-

In almost all nonlinear mathematical programming ap- angular camera frame (the camera has a fixed aspect ratio
proaches, a constrained optimization problem is convertedf 4:3). For framep = [z,y, 2], the width of the frame is
to a series of unconstrained problems using barrier or4z, the height of the frame i3z, and the area of the frame
penalty methods. Line search is then used to solve thds 12z2. Useri requests a desired frargg. Given requests
unconstrained optimization problems. Although there arefromn users, the system computes a single global frame
many different ways of guiding search direction and step that will best satisfy the set of requests.
size, most of these methods are based on derivatives [22].  pefine w and i to be the width and height of the

Rectangle-related problems in computational geometryPanoramic image, le® = {(z,y) : « € [0,w],y € [0, 2]}
be the set of all reachable y pairs. LetZ = [z, z,,] be the

include range searching and rectangle intersection. Agar-
wal and Erickson [1] provide a review of geometric range '@nge of zoom. Seb = © x Z = {[z,y, 2]|[z,y] € ©,2 €
searching and its related topics. Grossi and Italiano [8, 9]} S the feasible region of the problem.

proposed the cross-tree data structure, a generalized ver- As described in [25], user “satisfaction” is a Generalized
sion of balanced tree, to speed up range searching in highintersection Over Maximum (GIOM) function. It is based
dimensional space. Kankanhalli and Franklin [14] devel- on how a user’s requested frame compares with a candidate
opped an algorithm that can compute the area and perimetezamera frame. Recall thé is the frame requested by user

of the union of a set of isooriented rectangles in paraIIeI.2 i, and let¢ = [z,y, z] be a candidate camera frame. The



metric is a scalas; € [0, 1], the level of “satisfaction” that How good is the approximate solution in comparison to
useri receives. Usef gets no satisfaction if the candidate the optimal solution? Specifically, what is the tradeoff be-
frame does notintersegt: s; = 0 whengn¢; = (). User tween solution quality and computation speed?

1 is perfectly satisfied when the candidate frame is identical
to ¢;: s; = 1when¢ = ¢;. When there is partial overlap,
let a; be the area of frame;, p; be the area of overlap

betweeny; andé, s(@)/s(¢*) = 1—e (5)

Let¢* be an optimal solution. Letcharacterize the com-
parative ratio the of objective values for the two solutions:

si(¢i,¢) = (pi/ai) min(zi/z, 1) (@) Since equation 2 defines a maximization problefa;) is

If zis bigger, the candidate frame will be bigger. A suf- always greater than or equal 4¢9) so the0 < ¢ < 1. As

ficiently largez can define a candidate frame that covers all €= 0,5(¢) = s(¢").
requested frames; /a; = 1fori = 1,...,n. However, user We will establish theorems that give an upper bound
satisfaction is not necessarily high because a user wants tguch thai < c for givend andd.. This characterizes the
see the requested frame at a desired zoom level. The territadeoff between solution quality and computation speed.
min(z;/z,1) characterizes this desire: it reaches its maxi- We first prove lemmas based on 2 observations:

mum of 1 if the candidate frame is the same or smaller than

the requested frame. The € [0, 1] is normalized.

Each ofn users submits a request. Let the total user sat- i :
isfaction be "

n

s(6) = si(i, ) ) — :

'
=1 '

We want to find¢*, the value of¢ that maximizess(¢). Pa
Since¢ = [z,y, 2], we now have a maximization problem: &
maxy s(¢). We next present two grid-based approximation
algorithms to solve it.

———————

! Requested Candidate
i frames frames

4 Algorithms _ _ _ _
Figure 2:Example illustrating the lower bound on solution

We begin with uniform grid-based approximation algorithm quality.
and derive formal approximation bounds that characterize
the tradeoff between speed and accuracy. We then describe

a distributed version of the algorithm. e As illustrated in Figure 2, consider a set of user re-
guested frame®;, each with zoom levek;. Now
4.1 Approximation Algorithm consider two candidate frames for the cameig, ¢,

_ with z,, 2, such that for alli, ¢; C ¢, C ¢, and
Since requested frames are drawn by hand by each user,an . -, '~ . Thiscase provides a lower bound where

approximate solution may be acceptable. We propose an s(¢p)/s(ba) = za/2. In general cases, some user
algorithm that searches a regular lattice for an approximate framesg; will be included ing, but outsides,, which
solutiong. will only increase the ratio.

Define the lattice as the set of points with coordinates, ] ]
e Now consider the smallest frame on the lattice that

L = {(pd,qd,rd.)|pd € [0,w],qd € [0,h], contains an optimal frame. Its size is a function of the
rd, € |21, 24 + 2d.],p,q,7 € N} (3) size of the optimal frame*, d, andd,, as derived in
lemma 2.

whered is the spacing of the pan and tilt samplés,s the
spacing of Ehe zoom, and ¢, r are positive integers. We now prove these formally in the general case to obtain
To find ¢, we evaluate all(wh/d?)(g/d,) candidate  abound on solution quality.

points, Wherg = Zu— 2 Accorc_;ling to quation_z, it takes_ Lemma 1. For two candidate frames, = [a, ya, zo] and
O(n) computing time to determine the satisfaction for a sin- b = | 1, if 6 i Within g, then =) > Z
gle candidate frame. The total amount of computation of ¢ = o2 ¥ 20 T ¢a br

5(¢7a) — zp
the algorithm is

Proof. Recall thea; is the area of useis requested frame.

O((wh/d?)(g/d-)n). @ , Let



e p,; be the intersected area betwegnand usel’s re- So,
quested frame;
S(00)3(60) > o micsams Wailw)Cif )
e py; be the intersected area betwegnand usel’s re- b Y= S+ Y ics.—s (Pai/ai)(2i/2a)
quested frame;. py; > pa; _ Sies, s (Paifai)(zi/ z)
e S, be the set of users whose requested frames intersect >ies.—s" (Pai/@i)(%i/ za)
with frameg,.  (Yz) Yoies, — s (Paifai)zi
. (1/2a) ZieSa—S” (Pai/ai)zi
e 5, be the set of users whose requested frames intersect 1/
. Zb Za
with frameg,. S, C S, = = —
1/za 2
e S’ be the set of users whose requested frames intersect 0

with optimal framep, and are bigger than thg,, S’ =
{lz,y, 2]|[z,y, 2] € Sandz > z,}.

Now, we are ready to find the smallest frame on the lattice
that contains the optimal frame.

e 5" be the set of users whose requested frames inter-

sect with optimal framep, and are bigger than the

by, S = A{lzy.2lz,y,2] € Sandz > z}.
S" C S C S, because; > z,.

we have,

s(¢a) = Z(pm/ai) min(z;/zq, 1)

€S

and becaus§, C Sy,

s(@p) = > (pi/a;) min(z;/z, 1)
1E€SY
> ) (pwi/ai) min(z;/z, 1)
i€S,
Therefores(¢y)/s(¢a)
> ZzeSa (pln/al) lIl( /Zb7 1)
T Yies, (Pai/ai) min(zi/zq, 1)
> ZzESa (Pai/a;) min(z;/zp, 1)
B Zzesa (paz/ab) mln(zl/zua )
_ ZzGS" (paz/GZ) + ZzGS —s” paz/az>(21/zb)
Zles’ (Pai/a:) + Zzes _g’ (Pai/@i)(2i/2a)
> Ziesa—s” (Pai/ai)(2i/2b)
N Zies'fs” (pai/ai) + Ziesfs’ (pai/ai>(zi/za)
DefinesS; = >, co_ g (Pai/@i)(2i/ za). We know that
zi/zq > 1,Vi € s —s".
Then

> (pai/ai) < 8

i€s' —s”

Lemma 2. Recall thatd is the spacing of the lattice antl
is the spacing for zoom levels. For any frathe- [z, y, 2] €
®, there existsy® = [z°,y° 2¢] € L such that¢c is the
smallest frame on the lattice that ensukgess within ¢©,
which implies,

|z — 2| < dJ/2, (6)
ly —y°| < d/2, (7
. 3z+d
2 <[ 3. 1d.. (8)

If we choosel = 3d,, then
26 < z+2d,. 9)

Proof. The center (poinB in figure 3) of the given frame

must have four neighboring lattice points. Without loss of
generality, let's assume the nearest lattice point of the center
is the top right lattice point, which is poir® in figure 3.
Other cases can be proven by symmetric.

Since frame»° is the smallest frame on the lattice that en-
sure¢ is within ¢¢, (z¢,y°) has to be the closest neighbor-
ing lattice point of thgx, y) on the® plane, which implies
that equation 6 and 7 have to be true.

Recall thatd is the spacing of the lattice. To ensure the

point O is the nearest lattice point, equation 6 and 7 mean
the pointB must satisfy following constraints,

|OB|sina < d/2,and|OB|cosa < d/2.  (10)

Let's define framep = [z¢, 3¢, 2] be the smallest frame
containing framep such thatz¢, y¢) € ® andz € R™. In
other words, the frameé is located atz, ) lattice but with
continuous zoom. It is not difficult to find the relationship
betweeny® and:

2¢=[2/d.]d. (11)
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Figure 3: Relationship between framg and the smallest
frame ¢ on the lattice that encloses it. In the figure,=
/AOB, 8 = ZAOC, and the frame is centered at point
B.

Since pointF’ at(x r, yr) is the bottom-left corner of the
frame¢ and pointE at (2, yz) is the bottom-left corner of
the framegp, the condition that the framgis located inside
the framey is equivalent to following conditions,

zp <zg, and yr < yg. (12)

The aspect ration of the frameds 3 = cos 8 = 4/5.
= |OF| < |BE| +5d/8

Similarly, we can getOF| < |BE| + 5d/6 from case 2.
Combine two cases, we knoW) F| < |BE|+5d/6. Since
|OF| =5%/2and|BE| = 5z/2,

z2<z+d/3.
Plug it into equation 11,

3z+d
3d,,

2 <[

1d..

If we choosel = 3d.,, equation 8 can be simplified as,
z

z0§(d

ld. +d, <z+2d,

O

Theorem 1. Letz,,;, be the smallest among all requested
frames and! = 3d,. The approximation factor of the de-
terministic lattice based algorithra is bounded below by
some constant, 0 < ¢ < ¢, where

2d,

C= ———

Proof. Recall that,

Since the frames are iso-oriented rectangles and with same

aspect ratio, their diagonal lines have to be parallel to each *® 9" =

other: o
BE | OF

Therefore, when0 < o < 3, BE is always on top 0D F,

if TF = Ig, thenyr < yg. The boundary conditions for

the ¢ can be simplified:

ecaselxzr =z if 0<a<g, and

e case2yr =yg If f<a<m/2.

[z*,y*, z*] be the optimal frame,

e ¢° = [x°y°, 2¢] be the closest lattice point with the
smallest zoom level that ensupé is within ¢°.

e ¢ = [Z,7, Z] be the lattice point found by the approxi-
mation algorithm,

Note thatg is the solution to:

s

Figure 3 describes case 1. We draw a vertical line at pointSince¢® € L C ®, we know thats(¢°) < s(¢). Therefore

B, which intersects: axis at pointA andOF at pointC.
Sincerr = xp, we knowEF || AC. Therefore, we have
|CF| = |BE|and

OC| = [OF| - [CF| = [OF| - [BE|.  (13)
Also, sinceAC' LOA, we have,
|OC| cos 8 = |OB| cos «
= (|OF| — |BE|) cos 3 = |OB]| cos «

According to equation 10,

= (|OF| = |BE|) cos § < d/2

s(¢°) < s(¢) < 5(¢7)
Therefore, applying Lemma 1,

7 * c * 2"
L—e=s(9)/s(9") = s(6)/s(¢") = =.
Apply equation 9 of lemma 2, we have

26 <z +2d,.

Using this result, we have,

l—e>—"
e_z*+2dz



On the other hand, we know > z,,,i,., SO be initial zoom offset for user. Then the sub latticé; is:

1—e> Zmin < 2d., L, = {(pd, qd,™nd, + Oi)|pd € [O,w], qd € [0, h],
T Zmin £ 2de T Zmin +2d; rnd; + 0; € [21, 2y + 2d.),p, g, € N}

L ThereforelJ!, L; = L.

Theorem 1 says that the approximation bobzmefd_;Td 4.2.1 Server algorithm.
is a monotonic increasing function @f. It characterizes
the tradeoff between accuracy and computation speed fogh

uniform grid-based approximation algorithm:

Lets? be the optimal solution given ki user, the server
ould do the following.

. . L i). Compute thel,, setd = 3d.,
i) For a given approximation boungl compute the appro-

priate lattice spacing: chooske= 3d,, according to i). Send alld., d, and all requested frames to clients,

theorem 1, we set . . . . .
iii). Wait until all clients send their solution§s3, ..., s}

€ back and pick the largest.

2d,
1_ e)zmzn

= — =
Zmin + 2dz

1
4.2.2 Client algorithm.
This is the maximumd, that ensures the objective

h . )
function value is bounded aboye — )s(¢*). Thei*” user should do following after receivés, d, and

requested frames from server,
i) Compute the objective function value for each lattice
point, output the the lattice point with the largest ob- ). Compute zoom offset;.

Jective function value as the approximated solution. if). Evaluate objective function with respect to sub lattice

7.

The relationship between solution quality and computation

speed is summarized by theorem 2. i) Send thes?, the optimal on lattice.; to server.
Theorem 2. We can solve the Sharecam problem in ) ) )
O(n/<®) for a given approximation bound Since each sub lattice only contaihgn points of L, the

computation complexity is,

Proof. Sinced = 3d. andd. = 3(7%;)zmin, We need to  Theorem 3. Each client runs inO(1/¢%) time and the

evaluate allwh/d?)(g/d.) = gryredsm— points. Ac-  SeIver runsind(n + 1/¢) time.

cording to equation 2, each point will tak&n) time. Re-
moving constantss approaches zero, so computation time

4.2.3 Performance with network client failures.

approache® (n/e?) 0 We distribute computation to client computers under the
risk that some clients may drop out the system in the mid-
4.2 Distributed algorithm dle of the computation. One can also see from the algo-

rithm that the speed of computation is limited by the slowest
In the ShareCam system,is the number of users online, client. We may not have the luxury to wait for the slowest
which is also the number of computers connected to ourclient to send his/her result back to server. Therefore, we
server. The larger the value ef the more computation are interested in the algorithm performance if one or more
power in the system. This suggests that a distributed algoclients fail to submit their computation results before a time-
rithm, where each client shares in the computation, can reqgyt.
duce overall computation time. In particular, we propose AN Theorem 4. If one client fails to submit his/her result,

aIgonthr_n where each client sear<_:hes a coarse I".ﬂtlce wit he approximation bound will gracefully increase from
appropriate offsets. The more clients that participate, the 5. 3d,

more lattice points that are searched. The algorithm de-zmin+2d- O Zint3d:

scribed in the previous section can be divided into client andp oo \Without loss of generality,
server components by dividing the latti€éeinto n sub lat- out. Leto*
ticesL;,i = 1,...,n, where sub latticd; will be searched
by useri.

Recall that z;, z, ] is the zoom range, define

let's assume useirops
= [z°y°, 2¢] € L — L; be the smallest frame
that ensures* is within ¢¢ and¢ be the optimal found on
lattice L — L;. We consider two scenarios:

). ¢¢ ¢ Li. Thenl — e = 20 > 5000 > o

s(¢*) = s(¢*) = zmint2d:
0; = (i—1)d. + 2 6 Ty til holds. Therefore < ol



ii).¢¢ € L;. ‘“Sj’) > ) s jnvariant. From the result 33

s(¢*) s(0*) !
of Lemmal, we knovi% > z— Sincegp® € L;, equation s W-A
11 will not hold. Instead, for any framg® € L;, \\
s
c 2 hY
2 = [2/d.d; + ds. @) \\’
Then 31
2¢ < z+43d,.
305

_ 12 3 4 5 6 7 8§ 9 10 11 12 13 14 15
Similar to the proof of Theorem 1, we have . .
# Client failures

1—¢= 5(¢) Zmin i ) . i . )
T 5(6%) T Zmin + 3d, Elgure 5._Perf0rmance of _the Dlst_rlbuted AIgonthm. s_olu-
tion quality as network clients fail. Each data point is an
Hence, average of 10 runs with random dropouts. Initially there
< 3d. are 16 clients and 16 requested frames as shown in the pre-
~ Zmin +3d; vious figure. Here we plot solution quality as more and more

0 clients fail to complete their lattice searches. Note that so-
lution quality decreases, but not dramatically: even when
It is good to see that the approximation bound does notonly one client remains (after 15 have failed) searching only
change dramatically after one client drops out of the system ONne coarse lattice is enough to find a reasonable solution.
In fact, the proof of theorem 4 shows that the approximation

bound change is very small. We can also extend the proofto Figure 5 shows how solution quality decreases as net-
cases where more than one user drop out. Numerical resultgork clients fail, based on the example in figure 4. This

are shown in section 4.3. supports the analysis in the previous section: the approxi-
mation algorithm degrades gracefully with client failures.
4.3 Algorithm Results

5 Conclusions and Future Work

r-————— -1
: : F—— We present new algorithms for the ShareCam Problem:
r— A _7‘ | | controlling a single robotic pan, tilt, zoom camera based
: i . on simultaneous frame requests franonline users. We
LHI[ _ # —*JHE _ J'r = formalize the problem with continuous pan, tilt, and zoom.
i With approximation bouné, the algorithm runs i (n/€?)
L*ir**j TJ s = time.
T e e | We also show that the algorithm can be distributed to run
L;;;J |L : H in O(1/¢€?) time at each clientand if(n+1/€*) time at the
Lo T J‘ server. Unlike computing with multiple processors in a sin-
F{Zlf;r s gle supercomputer, distributed computing over the Internet
: E iR . requires input from a variety of heterogenous processors,
Lo — each with different and varying communication delays. We

show that the grid-based algorithm handles client failures
gracefully.

In future work, we will explore how these algorithms can
be further improved with Brand and Bound techniques and
advanced data structures.

Figure 4: Sample output of algorithm with 16 requested
frames andi, = 2.

Figure 4 shows the algorithm’s result for a testing case A preliminary version of the Sharecam system went on-
containing 16 requested frames. It is interesting to see thatine in Sep. 2002 at http://tele-actor.net/sharecam. System
this algorithm functions like a combination of “clustering” interface, architecture, and implementation are reported in
algorithm for rectangles with different location and size and Part |. The system may be offline for a short period in April
an algorithm that identifies the region of panoramic view as we move the camera to an outside campus location for
with the highest requested frame density. 7 testing.
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