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Abstract rule of thumb in this community is that update latencies
greater than 200 ms are unacceptable. To reduce the ef-
The Massively Multiplayer Game (MMOG) market, fects of such delays, certain restrictions are imposed on
exemplified by games such as World of Warcraft, is athe game; (a) players can only attack enemy objects and
substantial and rapidly growing subsegment of the multi-not each other for instance, or (b) enemy objects can move
billion dollar Multiplayer Online Game (MOG) industry. minimally when attacked, to name a few. Clearly, such
A key challenge in MOGs is providing real time responserules impose significant reductions of game features and
latencies to the large number of concurrent game playergarticipant experience.
This has attracted substantial commercial and research at- \whjle current commercial MOGs have player loads

tention, resulting in widely used methods suchdesd-  from the tens (e.g., Quake 3 and Half-life) to possibly the
reckoningandlocal-lag. The problem with scaling these |ow hundreds , a class of games called Massively Muti-
approaches is well known however, and it is widely ac-player Online Games (MMOGS), such as World of War-
cepted that they simply will not work in the scale required craft [8] and Final Fantasy X [25], are played by hundreds
for MMOGs. In this paper, we suggest a variety of waysof thousands of concurrent users. Clearly, consistency
to manage consistency in MMOGs with the objective of maintenance gets exponentially harder in these games. For
providing desired latency levels while still ensuring that example, in Final Fantasy XI, a player usually receives po-
every player has a “good-enough” view of their game en-sition updates of other players with almost a second de-
vironment. The contribution of this paper is in presentingjay [20], severely limiting the interactivity of the experi

a family of consistency protocols for MMOGs that addressence. Indeed, it is well accepted that providing consis-
two key challenges: (1) when an event occurs, how do Wgent views to players of MOGs and MMOGs is a difficult
figure out the set of clients that need to be informed ofyroplem and developing scalable consistency maintenance
this event?, and (2) how do we schedule the disseminatiopyechanisms for MMOGs is even harder. Existing consis-
of updates to clients such that latencies and consistenggncy mechanisms in both commercial games as well as in
requirements are satisfied? We show, through analyticalork reported in research literature have either borrowed
methods and simulations, that our protocols are (&) “Opfrom extensive available work in distributed systems con-
timal” in computing the set of clients that need to be in- sistency maintenance, or, very recently attempted special

formed of an event, and (b) that they can scale to a larggzed mechanisms. We summarize these approaches below.
number of clients while still satisfying all latency and eon

. . Consistency control in distributed applications has been
sistency requirements.

explored from a variety of dimensions, including dis-
tributed shared memory (DSM) systems [2, 4, 18, 21, 31],,
1 Introduction and Background database systems [1, 7, 9, 15, 30] and, most relevant to
this work, collaborative visualization systems [11]. This
Multiplayer Online Games (MOGs), such as Half-Life last class of systems allow geographically separated users
[28] are collaborative games with simultaneous participaiO access a shared virtual environments to visualize and
tion by multiple players. In these games, both the playergnanipulate datasets for problem solving — much like in
and the game objects controlled by the players are mothe case of MMOGs. Examples of collaborative visualiza-
bile, makingview consistencgn important requirement. tion occurs in a variety of physical environments such as
Such consistency requires that players must have consi§uid dynamics [13], medical data visualization [29], and
tent views of game objects, i.e., if a game event causes a#pllaborative editing [26]. A unique characteristic of col
object to change state (move), other players much be madaborative applications is the need to distribute state up-
aware of this change quickly. However, due to the vari-dates to remote sites over the network to update the state
ous latencies associated with component systems of sudi shared objects at these sites. Because of delivery laten-
games (e.g., network latency on the Internet and comprieS, different remote sites may receive data with varying
tational latency on the game servers), a player of a MOGlelays, causing view discrepancies. This problem is al-
may perceive significant delay in receiving updated staténost exactly the same consistency issue that arises in mul-
information of game objects as they move around. Thdiplayer games, with one critical difference. In the tradi-



tional collaborative visualization case, solutions bared  an event occurs, how do we figure out the set of clients
from DSM systems and databases, still work wadllong  that need to be informed of this event?, and (b) how do we
as they ensure that the updates arrive at the different+eplischedule the dissemination of updates to meet both update
cas in the correct order This is because the interarrival receipt deadlines, as well as view parameters. In doing so,
time of updates are usually large compared to network an@e end up proposing one of the first “realistic” consistency
computational latencies. control approaches for multiplayer games, that takes into

However, MMOGs belong to a class of collaborative account not only the issue of collaborative visualization,
application that involveime-dependent datand contin- but also game specific visualization parameters as well as
uous user interaction Thus the update streams in these the attendant stringent latency requirements. Our proto-
applications areontinuousn nature [20, 24] and it is re- cols have the following properties (a) they are “optimal” in
quired that these updates are presented to the users wiggmputing the set of clients that need to be informed of an
either no delay, or with very stringent short deadlines (10¢8vent, and (b) they scale significantly beyond the current
- 200 ms). Early attempts to address this problem has restate of the artin multiplayer games.
sulted in reports describing this problem and its impacts on This paper is organized as follows: Section 2 presents
interactive applications [5], or rudimentary solutionieeli  the system model of MMOGs. Section 3 explains the com-
user side adaptation methodisform the user of the de- ponents of consistency maintenance. In Section 4 we de-
livery latency and let him figure out how to factor it in) or scribe our update dissemination algorithms. In Section 5,
system side adaptatipmwhere the system attempts to ab- we compute theoretical upper bounds for the update dis-
stract this delay away from the user by using various methsemination schemes. Section 6 describes the experiments
ods. The most popular of these methoddead-reckoning that were performed using our consistency maintenance
[3, 12, 23], that attempts to predict the motion of gamemechanisms. We present our conclusions and directions
objects and present to userpr@dicted future statef the  for future work in Section 7.
object. None of these methods, are exact, and don’t work

very well in precise game scenarios. 2 System Model
Very recently, specialized consistency control and syn-
chronization methods for multiplayer games have been

cell boundary
proposed in [20, 22]. This is perhaps the most relevant re- — o P
search in this area. In [20], the authors propose a reference__ - = -
simulator for each dynamic object in a game running at the e o1, ® : o o ..'.
server. Each of the clients interested in that object exescut o’ '. o @ ° °. : N 4
a“gradual synchronization process” onits local copy ofthe  ® ¢ ° ° .
object to align its motion to that of the reference simulator = e ™ o [®e
running at the server. While making significant enhance- oo o .'. ° et .: .
ments to the state of the art, this method suffers from high *. % HC I o .
error during the period of an occurrence of an event and—g—>—= S = ;
the communication of this event to the relevant clients. -.' A RN A ®
In [22], the authors extend their work in [20], and pro- . e °| e °.' * 0 ': |® .'
pose a “trajectory preserving” synchronization method tha Co8| e e’ e
reduces these errors. However this assumes connection

oriented network protocols and still leaves one important

guestion unanswered: when an event occurs how does the

system determine which clients are interested in this évent . . . .

, . " S, In this section we provide an overview of the system

Also, these mechanisms ignore the “real-time” nature of . A o
. . . . . model of a multiplayer game used in this paper, which is

update delivery — given that different clients have differe . _ ) ) :

h . . “ » . __consistent with models available in the literature [6, 10].
view parameters (e.g., clients might have “fuzzy” regions

of visibilities) and have tight deadlines by which they mustthese’ the universe (the entire game space) is modeled as

receive updates, these protocols do not emphasize meetif (possibly unbounded) geospatial area, where every lo-

) . i . . c%tion is uniquely identifiable by its co-ordinates. In a
f this deadl t th t - . :
gtersls eadlines or satisfying the appropriate view param MOG, multiple players, and game objects controlled by

_ ) ) these players, are situated at various locations acrass thi
In this paper we suggest a family of consistency protogame universe. Note that henceforth we use the tsm

cols for multiplayer games that explicitly addresses the tw o s refer to both players and other game objects con-
issues of concern when enforcing consistency: (a) Whefg|ied by these players, without any loss of generalitye Th

Figure 1: View of the Game Space in an MMOG



universe is divided into contiguous, non-overlappingsell
Objects are mobile and enter and leave cells freely. Fig-
ure 1 depicts the above scenario. Each cell is associated
with a game server, which, manages the game activities
in that cell. The game server performs multiple manage-
ment tasks by making control decisions and communicat
ing these decisions to players and other game servers.

Players, orclients perform activities in the game uni-
verse. The two most important aspects of a client, with
respect to this work, are itsobility, and itsview of the
universe. While mobility simply means that clients and
objects controlled by clients move about the game space,
the notion of a clientview deserves explanation. View
refers to how a client is made “visually” aware of the game
universe and is typically based on the notiorregion of Figure 2: A client with multiple radii of visibility
visibility (ROV). Typically, a client is not made aware of
the entire universe; rather it is shown slices of the uni-
verse with varying degrees of clarity. This is shown in

Figure 2. Here the client view consists of 3 concentric cir- . . .
tent view of the universe, if the game system can support

cles of radiiry, ro andrs. All objects inside the inner; its Vi ¢ ithin th iate lat bound
circle is completely visible, while objects in the two outer IS VIew parameters within the appropriate fatency bounds,
e., corresponding to a radii in its ROV, if the server is

rings are exposed with increasing fuzziness. Formally, the';‘bI ¢ intai date rate that satisfiest
ROV of a client consists af concentric circles, with radii able to maintain an update rate that satisfiesfifearam-

ry,re,...rx, and may be represented as a set of 2—tuple§t;ar Wh':f sm(;ultin_em:csl)t/ satl'tsf_ymg tthe chetntE a"%\:mi)
{[r1, fa],[r2, f2], ..., [rx, fx]}. With eachr; is associated a atency bound. 1 Is of utmost importance to be able 1o

fuzziness factofEF) f;, that denotes the degree of clarity provide clients with consistent views. Virtually all work

. - . . . .~ _in game consistency, in one form or another, advocate the
of the associated view. In the innermost circle with radius 9 y

1, it is common for the client to have complete clarity, following consiste_ncy enforcing procedure, given a client
. . . L . server game architecture.
meaningf is typically 0. This is achieved by the server
sending the clienévery updatehat occurs in that region.
In the outer rings, corresponding to the radiithrough
r«, the server provides progressively lower clarity, signify
ing f1 < fo < ... < fy. This is achieved by the server not e Any change to the game world, say caused by player
sending the client every update in that region. How many P, is first recorded ifP’s local replica and then sent to
updates the server needs to send the client is determined by  the game server
the value of the FF for a specific region. For instance, in
Figure 2, in the ring associated with radigsthe FF isfs,
indicating that the server need only disseminate a fraction
(1— f3) of all the updates that occur corresponding to this
region. In Figure 2, the values &f, f, andfs are 00, 0.20
and 030 respectively.

With the notions of ROVs and allowable latencies for
clients, we now define the notion @bnsistent vievfor
a client. A client in a MMOG is said to have a consis-

e Each player (client) has her own replica of the real
world, and interacts only with it

e The server forwards this update to all the other inter-
ested clients, who then update their own respective
replicas

Inconsistency arises dues to the fact that there exists a de-
lay between the occurrence of an event (say, motion of a
game game object), and all players being informed of this
event so that the replicas are synchronized.

Actions by clients causevents typically due to mo- . .
tion of game objects, to occur in the game. When an even3 ConS|stency Maintenance Mecha-
occurs the client responsible for causing the event sends  nism
an update message to the server, which in turn dissemi-
nates this update to all other clients affected by this event We now describe our procedure to maintain view con-
Clients must receive these updates within acceptable timsistency across clients in a cell. As mentioned in the pre-
bounds, i.e., deadlines, after the associated event qccurgous section, all clients inside a cell are controlled by a
for the application of these updates to be valid. Thesesingle server. Whenever an event of interest (such as client
deadlines are known adlowable latencies movement) occurs, the server receives a state update from



[ message send to client c1

message send to client c2

Figure 3: Using fuzziness factors to do intelligent schadubf updates

the corresponding object. At this juncture, our consisgenc the set of all clients that are in the cell under considenatio
maintenance procedure is launched. It consists of two se-igure 4 shows the pseudocode for this approach.

quential tasks. Time complexity of the naive method:
From the algorithm, it is clear that in order to find the rel-

1. Relevant Set ComputationAs soon as the Server g ant set for an event created by the movement of a single
receives an event update message, it must CompUlgient we requir@(n) time

therelevant sebf clients affected by this event, i.e.,
clients whose views would be compromised if this
event were not communicated to it. Simply stated
an event,, is relevant to a clierty, if L occurs within
the ROV ofcy. Thus, the relevant set of an event is
the set of all clients for which the event is relevant.

Using an R-Tree
We now present a method that uses an R-Tree [14], a spa-
'tial index structure that can be used to fasten the retrieval
of data items according to their spatial coordinates. The
clients in a MMOG are spatial objects that can be approx-
imated by rectangles. We also approximate the ROV of
2. Update Dissemination to the Relevant Setypon  €ach client by aiMBR (Minimum Bounding Rectangle).
computation of the relevant set for an event, the serveAn R-Tree organizes these rectangles in a spatial index
must disseminate the state update to each client in th&tructure such that all MBRs that are contained in another
set. However, since different clients might view the MBR are found in the subtree below it.
event with different fuzziness factors (and, possibly, Asin the naive method, I& denote the event caused by
might have different allowable latencies) the serverthe movement of playepy to a new location at timéew.
must determine an update dissemination schedule thaur algorithm first constructs the new MBR fpg. To find
maintains consistency across the clients. This steghe relevant set foE, we update the R-Tree with the new

computes that schedule. MBR for px. We then search the R-Tree for the infinitesi-
o mally small MBR,MBR;, corresponding to the objegk.
3.1 Finding Relevant Sets All MBRs in the R-Tree that lie in the path from the root

of the R-Tree to the node containiMBR, containMBR;.
The players corresponding to these MBRs denote the rele-
vant set ofE. Figure 5 outlines this approach.

Let us assume that a cliegt has a simple single-radial
ROV {ry, fx} and allowable latencl. This implies that a
fraction (1— fy) of the events that take place in the circle

(or sphere for a 3-D game), centered at the locatiogof 11Me complexity of the R-tree based method:
with radiusry are reported tay while also obeying the la- FOr the R-tree based method, tatwhen the game starts

tency boundy. Let us consider two instants of timigq up, the R-Tree.needs tg be cregtgq baseq on the initial po-
andtnew (thew > told), and further assume that motion oc- S|.t|ons _of all .cI|ents. Since the initial positions of alleth
curs forcy across these two intervals, i.e.,tal, ¢ was clients is typ|cally known beforehgnd, the_R—Tree can be
located alXoid, Yoid) and attnew Cx iS at (Xnew Ynew). SUch hardcoded into the code. Each t|me. a client moves, 'Fhe
motion is an example of an event. Let us call this mo-R-tree needs to be updated. Updating the tree requires
tion eventE. we would like to find the relevant set for the O(l9(n)) time. Searching for all rectangles that contain the
eventE corresponding to the location changecpht time ~ COV Of Px at timetnew requiresO(lg(n)) time. The total

thew I.€., the set of clients that need to be informed of this@Symptotic time complexity of the R-Tree based method is
event. We assume for now that the client's region of visi-O(19(n)). Thus, the R-Tree based method is much better
bility both attolq andtrewdoes not cross cell boundaries. In than the naive method.

this section, we outline two different methods to compute

the relevant set dt.

Naive Method

Let the total number of clients in a cell le Let ¢ denote



Algorithm
3.1: NAIVE-METHOD(py, C)

Comment: Compute Relevant set for eveltcaused by movement of clieptcorresponding to clients in cefl attpew
Initialize R(E) =0
for each pair of clients(px, p),where pe ¢ and p<> px
Computed, distance between the locationsmfandp
Compute the differenc&@=ryx —d
if <=0
do Comment: Client p lies in the ROV ofpy
R(E)=R(E)Up
else {Comment: Client p does not lie in the ROV of

ReturnR(E)

Figure 4: Pseudocode for the naive method for calculatingvRet Sets

Algorithm
3.2: R-TREEMETHOD(p, C)

Comment: Compute Relevant set for eveltcaused by movement of clieptcorresponding to clients in cefl attpew

Initialize R(E) =0

Update the R-Tree with the new MBR fpx. // This MBR corresponds to the ROV pf

Search the R-Tree for the MBRIBR, of px. // MBR is the infinitesimally small rectangle corresponding todbgctpy.
Set of all MBRs that contaiViBR is R(E)

ReturnR(E)
Figure 5: Pseudocode for the R-Tree method for calculatelg\Rnt Sets

4 Scheduling Updates concentrating instead on ensuring tieat(with fuzziness
factor of 0) receives every packet. Note that at the end
In this section, we present algorithms for efficiently dis- (timet = 10), all clarity requirements have been metas
seminating updates to game clients. The problem can bggceived 100% and;, received 80% (8 of 10 packets) of
restated as follows: Given a certain event and a set ofh€ packets.
clients to which the event is relevant (with different fuzzi We model this problem of optimal packet dissemination
ness factors), find an optimal ordering of updates such thais a scheduling problem with each clienas a jobj;. The
consistency requirements are met for the maximum numallowable latency; of the client is used as the scheduling
ber of clients and the averaggencyof all these consistent deadline. The problem then becomes finding a schedule
clients is minimized. that honours the deadlines for as many clients as possible

We define latency for any given client as the amountWhile achieving certain criteria.
of time elapsed between the reception of an event by the In this paper, we present two different scheduling al-
server and the delivery of that event to that client. Wegorithms that optimize different criteria. We assume that
observe that the fuzziness factors can be used to scheduleessage transmission is atomic and this results in jobs
message transmission so that more number of clients camhich are non-preemptive. Also, without loss of general-
be kept consistent. ity, we assume that all jobs take equal amount of process-

To elucidate this idea, consider two cliertts and ¢, ing time. We present our algorithms in the rest of this sec-
with respective fuzziness factors 0 an@@. The clients’ tion and their comparative analytical performance in Sec-
views can be kept consistent by scheduling the messadt®n 5 The two algorithms are:
sends as shown in Figure 3. Notice that at time5, ¢
has received 100% of the packets even though a clarity of
80% (fuzziness factor is.R0) only is required. Hence,
the server now has the luxury to not send packetsyto
when it gets overloaded. This situation occurs at tired
andt = 10, and the server stops sending updates te e maximize theprofit obtained by completing a certain

e maximize the number of jobs that are completed by
their deadlines while minimizing total average la-
tency for the completed jobs. We call this criterion
Max-Job-Count and present it in Section 4.1.



number of jobs while minimizing the total average Theorem 1 Space complexity and time complexity of

latency for the completed jobs. We present our no-Scheduling based on Max-Job-Count i&®).

tion of profit and present our profit function in Section

4.2. We call this criteriotMax-Profit and presentit Proof The size of the schedule is bounded by the total

in Section 4.2. number of jobsn. Thus, we progressively calculate val-

ues of T(s,t) for s= 0..n andt = 0..n and store them in

. a table for reuse in larger subproblems. Filling each table

4.1 Max-Job-Count Scheduling entry require€O(1) time. Thus, the space complexity and
Consider a total ofi clients for which a certain event time complexity of this approach are bdfin®). With all

is relevant. This results in jobs, j1, j2, j3, ..., jn. Let the values ofT (s,t), we can find the maximum size sub-

11, 12, s, ..., In be the respective allowable latencies for S€t Of jobs by identifying the largest value for which

then clients. These are the deadlines for thigbs. For-  SOMeT (s;t) is finite. The maximum value affor which

mally, the Max-Job-Count criteria can be captured as fol-T ($;1) is finite is the maximum number of jobs (or equiva-
lows: Given a schedul§, defineD;, = 1 if the completion lently maximum number of clients to which messages can
b |

time of ji in Sis CjiSS l; andD;, = 0 otherwise. Thus, the be sent) that can be completed by their completion date.
optimality criteria is to maximize D; while minimizing 4.2 Max-Profit Scheduling
total average latency.
To achieve this, first we order the jobs by their dead- For this criteria, instead of maximizing the number of
lines such thafy, j, ..., jn have nondecreasing deadlines jobs that are completed within their deadlines, we maxi-
l1 < lp... < lh. Any optimal schedule can be converted mize the sum of profits obtained by the completion of jobs
to one which has this property and has the same maxiwhile also minimizing the total average latency. As in Sec-
mum value fory ; Dj. We denote by, the time required  tion 4.1, since the jobs are of equal duration, any schedule
for message transmission. According to our definition, sof jobs gives the same total average latency, and is thus
schedule only consists of jobs that are completed by theitrivially satisfied. We define the profit for a job based on
respective deadlines. the fuzziness factor associated with the client.

To find a schedule that maximiz§D; while minimiz- In particular, a client needs to be consistent, to events
ing total completion time, we observe that this problem haghat occur, with fuzziness and latency. This means that
the optimal substructure property that allows a dynamicat any point of time, the client should have received at least
programming based solution. To exploit this, we definea fraction 1— f of the total relevant updates in that region
T(s,t) as the minimum completion time of a schedule with within a latency boundl. Attimet, the profitp(t) is given

sor more jobs from a set afjobs 1, j2, ..., jt- by:
Let St be the schedule of jobs for which the minimum
completiontime i (s,t+1)i.e. SC j1, j2, ..., jt+1. Smay

or may not contairji, 1. If Sdoes not contairj, 1, then  p(t) :{ 1+d(t)/e(t) - (1-f) ifd(t)/e(t) >=(1-f)

SCj1,j2,---, Jt- Sis thus a schedule afor more jobs of a 0 otherwise
;et oft JopSJl, j2,..., jt- By definition,Scan be completed Where:
inT(st)i.e.
e ¢e(t) is the total number of events that occurred in that
T(st+1)=T(sY) region till timet.
If ji+1 €S ji+1 can be scheduled to execute as the last job
(since a schedule that minimizes average latency can be ® d(t) the total number of events delivered to the client
obtained by sorting jobs in nondecreasing order of dead- ~ Within the allowable latency till timé.

lines). The rest of the jobs form a schedulesaf 1 or

more jobs, which leads to a set bfobs j1, jo,..., j; that Note thatd(t)/e(t) signifies the clarity with which the
have minimum completion tim& (s— 1,t). This gives a  Particular region of visibility is seen by the client at tine
minimum completion time of (s— 1,t) +ty, for S Itfol-  The profit associated with sending a message is the extra
lows that: clarity over the required clarity that is provided to the=ali

as a result of the update being communicated to it.

[ minT(S0,T(5— L0 +tm) i T(s— 1) +tm <l The_ problem of S(_:hedl_JIin_g the_updates can bg rgstated
T(st+1)= T(st) otherwise as: Given a set ofi jobs ji, j2,..., jn Where each job;
has an allowable latency (deadlidglnd profitp; if the
1For simplicity we also conside8as a set job finishes by deadlink or profit O if it finishes after the




deadline, find a schedule of jobs such that the profitis maxacceptable given the performance benefits (See Section 6)
imized. Note that all jobs are of equal duratidq, Any  provided by theMax-Profit method.
schedule of jobs will thus have job completion times of

tm, 2 tm, 3 X tm..., T X t. 5 Analysis of Both Schemes

We again present a dynamic programming based solu- _ ) _ )
tion for this problem. We first order the jobs in nonde- In this section, we determine theoretical upper bounds

creasing order of deadlines, such tiaatap,...,a, have ©" the maximum number of clients in each sphere of visi-
deadlined; < I, < ... < In. Any schedule that has max- pility that can be handlgd _by the server ata giyen point of
imum profit can be converted to a schedule that has jobs ifMe for each of two criteria described in Section 4. Sec-
nondecreasing order of deadlines and the same profit. TH¥NS 5.1 and 5.2 provide the theoretical upper bounds for
optimal substructure property of this problem is to maxi- the Max-Job-Count and Max-Profit criteria respectively.
mize the profit by scheduling a subsetgbbsj, jz, ..., ju For both analysis, we lety, Xz, ....X. (X > 0) be the

with a final deadline of,. It is known that this problem is maximum number of clients (for which an update is rel-
NP-complete for non-integer values of deadlines. We asevant) corresponding to radii of visibility,r»,...,rc to
sume that it is possible to scale these deadlines and jowhich the update can be disseminated by the server. The
durations {n,) to integer values so that a polynomial time server disseminates these updates to these clients within
solution is possible. For the purposes of this discussiotheir allowable latencids, I, ...,|c respectively wherl <

we assume that, andty, are both integers. We denote by |2 < ... <lc. Let the maximum bandwidth of the server be
P(u,v), the maximum profit obtained by scheduling a sub-b bits/s, i.e. a server can transmit a maximuni diits per

set of the set of job$y, jo, ..., ju by timev. The goalisto  second.

find the schedule that maximizes the préfin,l,). The
recursive definition for profit is as follows:

5.1 Upper bounds for Max-Job-Count

From Section 4.2, we observe that any schedule that
0 if u=0or v=0 has maximum profit can be converted to a schedule where
P(u ")_{ P(u~1,) if tm>Vorly<v  the allowable latencies of the jobs (sending messages to
maxP(u—1,v),P(u—1,v—1)+p,) otherwise ) : . . :
clients) are in non-increasing order. Since each ofxthe
clients has an allowable laten&y, for the schedule to be
Theorem 2 Scheduling under the Max-Profit criteria has an acceptable one, the message send to alkticents
a space complexity and time complexity ¢hQ Ip,) should be completed by. The duration of each job ig,
(the time needed for the server to send a message to any of
Proof We build the(n+ 1) x (I, + 1) profit matrixP to its clients).
store the optimal value of profit for each subproblem. Also, |t the average size (in bits) of any message from server
we build a second matri$to construct the best schedule 1, glient ismandb is the server bandwidth, then:
Su,v); defined as follows:

tmxy <1

0 ifuorv=0
Suv)=<¢ u if u,v>0,andP(u—1,j—1)+ p, is maximum where
u—1 ifuv>0,andP(u—1,j)is maximum tm:m/b

For the schedule to be acceptable, messages sent to all

Filling each entry of the profit tabl®(u,v) requires ) aHE .
X2 clients should complete Hy. This gives the equation:

O(1) time if all entriesP(x,y) with x < u andy < v
have already been filled. Thus, computiRgn,l,) re-
quires O(n x l,;) time. Constructing the schedule that tmXe +tmx2 <2
gives maximum profit require®(n) time. Thus, the to-

tal time complexity isO(n x In). SinceP andS are both

(n+1) x (In+1) matrices, the space complexity of this
algorithm isO(n x Ip). tmx1 < Ip

It may be noted that th&lax-Profit method requires tm(x1+x2) <ly
the server to maintain more per-client state information
than theMax-Job-Count. In particular, the server has to
maintain the instantaneous values(if) andd(t) for each
client. This overhead is in the order of a f&hB only even
for games of large scale. We believe that this overhead is tm(X1 +X2+ ... + %) <lc

and the following set of inequalities:



Or equivalently visibility provide the same extra clarity over the required
value (this can be obtained by scheduling the “message

X1 < l1/tm send” jobs appropriately). The profit obtained by a server
(X1 +x2) <lp/tm that handlex, x, ..., X clients corresponding to radii of
visibility rq,r2,...,rc and fuzzinesd, f2, ..., fc can thus be
written as:
dut) . )
(X1 4+ X2+ ... + %) < le/tm (1+Sqe1—(t) (1 f1)))><1+(1+59182—(t) (1-12)))%
de(t
In the matrix form, this can be represented as: +...+(1+Sgq ezgti —(1=f))x (1)
Ax<b Q)
1 0 O 0 0] Where Sg) = X ifx>Q
1 1 0 0 0 0 otherwise
where A= (2)
11 1 .1 1] The objective is tomaximize Equation (7)’s value.
X1 | Since, in general, for the innermost sphere of visibility,
% 3 the value of fuzzines$; is 0, the objective function can
X= (3) be rewritten as:
X |
I/t - do(t
Ii?tm maximize [x; + (1+sg% —(1—="f2)))x2+...+
b m (4) K o)
C
Vi, x>0 (5) . . )
subject to the constraints of Equations (2) and (5).
The objective function foMax-Job-Count is: Since the values af(t), d(t), fuzzinessf are all known
for any timet (for any setup), it is easy to compute the
Maximize(X; + Xz + ... + Xc) (6) maximumvalue of the objective function using the simplex

method.
subject to the conditions of Equation (1) and Equation

(5). From the constraints, it i; clear that this is a-linear6 Experimental Results

program that can be solved using well known techniques.

value for (x; + X2 + ... + Xc) is Ic/tm. Thus, the values of Presented in Sections 4.

X1,X%2, ..., X (the maximum number of clients per ROV that

can be handled by the server) for thax-Job-Count cri- 6.1 Experimental Setup

terion are given by (11 x b/m) |, |(I2—11) x b/m], [ (I3 — We performed the evaluation of the algorithms using
lo—l1)xb/m|,...;[(lc=lc—1—...—l2—11) x b/m| respec-  the TOSSIM [19, 27] simulator. TOSSIM was originally
tively. designed to test the TinyOS [16] sensor network operat-

ing system and we used it as a) it can accurately simulate
a large number of small nodes that are exchanging infor-
We use a method similar to that in Section 5.1 to findMation (which is highly representative of game environ-
upper bounds on the number of clients in each sphere gnents), and b) it is a high-fidelity accurate simulator that
visibility for the Max-Profit criteria. In this criteria, tn 1S used by many other researchers. Hence, we are confi-
sum of the profits of the jobs needs to be maximized. Bydent the the results obtained using TOSSIM will show the
definition, it is known that the profit associated with a job is COrrect patterns and trends.
related to the additional clarity that is provided to theuti A key input to our simulation was the packet send rate
over the required clarity. At any timtewithoutloss of gen-  between the clients and server as well as the size of pack-
erality it can be assumed that all clients in a given sphere oéts exchanged between the clients and server. To obtain

5.2 Upper bounds for Max-Profit



realistic values, we analyzed the Quake 2 [17] game and  server to client event rates are governed by the radii
used the values from that game. We used Quake 2 as a) the of visibility and the client to server event rates. These
source is available, b) it is a financially successful com- results are presented in Section 6.4.

mercial multiplayer game, and c) it is representative of a
large class of multiplayer action games.

An UPDATE message sent from a client to the server
consists of a dead reckoning vector. The vector contains
information about the current position of the client in 3-
D and the trajectory of the entity in terms of the velocity
component in three dimensions. The sending cReaiso
identifies itself to the server by tagging the UPDATE mes- In this set of experiments we are interested in discover-
sage with its identity. The server node sends an UPDATENg how well our procedures maintain client consistency.
message to the client with the received dead reckoning vedAle compare three different schemes:
tors.

e Metric Evaluation : In this experiment, we compared
the fidelity achieved by each of our schemes for dif-
ferent numbers of clients. These results are presented
in Section 6.5.

6.4 Results: Scheme Comparison

1. Max-Job-Count: In this procedure the server com-
6.2 Metrics putes Relevant Sets (RS) of events using the R-Tree
based procedure shown in Figure 5 and then uses the
Max-Job-Count scheduling algorithm to schedule the
updates to the members of the RS.

To analyze our algorithms, we define the following
metric:

Fidelity: We define fidelity as the fraction of time for 2. Max-Profit: In this procedure the server computes
which the player’'s awareness of the game world correctly ~ Relevant Sets (RS) of events using the R-Tree based
reflected the actual game state. For example, a fidelity ~ procedure and then uses the Max-Profit scheduling al-
value of 10 indicates that the player was never inconsis- gorithm to schedule the updates to the members of the
tent with the game while a value of®indicates that the RS

player had an inconsistent view of the game half the time.

The fidelity metric can be mathematically represented as 3. EDF: In this procedure the server computes Rel-

evant Sets (RS) of events using the R-Tree based

follows: procedure and then uses the Earliest-Deadline-First
i (EDF) scheduling algorithm schedule the updates to
Fidelity, f =1— : ()] the members of the RS
where: Since the EDF algorithm is known to perform well un-

der a large variety of cases, we feel it provides a reason-
) ) '~ able baseline to benchmark our algorithms. In the EDF
player's view of the game is not same as the canonical-\eqyling method, we schedule all those “message sends”
game state. which have the least allowable latency ahead of those with
higher allowable latency. If two “message send” jobs have
the same allowable latency, these jobs are scheduled in ar-
¢ bitrarily random order. We use a setup of 500 nodes with
one of them acting as the server node. At regular intervals
(calledepoch), each node generates three random numbers
6.3 Experiments Performed from a Gaussian distribution with mean 0 and variance 1.
The right most 16 bits of these random numbers are used
: fas the new values of the X, Y and Z coordinates of the
algorithms: location of the node (i.e. the location to which the node
moves). This movement corresponds to an event in the
) , ame space and thus governs the event rate. The epoch
pared the performance of the schemes in Sections 4. ize is set such that different values of event rates, rgngin
and 4.2. ) In particular, we compared_the per_centagqrom 10 events per sec to 80 events per second were gener-
of total clients that could be kept consistent with eaChated. Three different values of radii of visibility; — 5,
scheme for different sizes of the region of visibility r, — 15 andrs — 25. were used. The fuzziness factors

and different client to server event rates. Note that th%r f1, > andrs are 00, 0.20 and 030 respectively and

2\We use the terms client and nodes interchangeably the corresponding allowable latencies are h@¥)200ms

e i, the infidel time, is the amount of time for which the

¢ tis the total amount of elapsed game time.

Average Fidelity is the average of fidelity across all clgen
in the game space.

We performed two types of experiments to evaluate ou

e Scheme Comparison In this experiment, we com-




and 300ms Each update message had a size of 30 bytedJpper Bound Comparisort We also ran experiments to
With the implementation of TOSSIM that we used, eachtest how our theoretical upper bounds analysis reported
message transmission takes approximately 1 msec. In o@arlier in the paper stacks up against real upper bounds
equations this corresponds to the value oftghparameter. discovered in our tests. We first calculated the theoreti-
cal maximum number of clients that can be kept consistent
using the analysis reported in section 5. Plugging in the
We computed the percentage of clients that are proparameters used in these tests into our theoretical expres-
vided with a consistent view of the game space in eactsions, we get the following: 100 clients in the innermost
of the three spheres of visibility defined by, ro, r3. This  sphere with radius;, 100 clients in the sphere with ra-
is done by computing the percentage of consistent clientdiusr, and 100 clients in the sphere with radigscan be
at the end of every epoch and computing the average dfept consistent. Armed with these numbers, we ran exper-
percentages recorded over the duration of the game. Theents with 100 nodes in each of the three slices of visibil-
results of this experiment are shown in Figure 6. Fromity. If our theoretical analysis is valid we would expect to
the figure it is seen that as the event rates increase, thabserve virtually 100% consistency in these experiments.
percentage of consistent clients decreases in all the thrdadeed we observe, for Max-Job-Count, number of consis-
schemes. This can be explained as follows: As the numtent clients as 90, 85 and 95 for the innermost to the outer-
ber of clients increases the number of update messages most visibility slices. However, for Max-Profit we observe
ceived by the server increases and given the latency bound$0% consistency across all three slices. This prompts us
of the clients, scheduling all message sends within a giveto conclude that our theoretical analysis is indeed valid.
amount of time becomes increasingly infeasible. The Max-
Profit scheme provides 100% consistency for update rates
of up to 50 events per second. Itis worth noting that pop- ...~ Mw%f -
ular games such as Quake 2, scale up about 30 events per | T ...
second. The fact that our algorithms demonstrate 100%¢
consistency upto event rates of 50/sec speaks to their inz
creased scalability properties. Indeed, if 90% consigtencé
can be tolerated in a game (perfectly acceptable by curreng
standards), then Max-Profit provides acceptable perfor~.§
mance up to 70 events/sec, a more than 2X improvemer@
in allowable event rates. Given that event rates typically§ or
scale much worse than number of clients, this translatesto *[
much more attractive allowable participation counts. % 20 w0 w0 w0 o 70 %

Event rate (Number of updates per second)

The two comparative findings of note from this exper- Figure 6: Comparison of the Max- Job Count and Max-
iment are (a) EDF performs worse than both our proceProfit scheduling algorithms with EDF
dures, and (b) Max-Profit performs appreciably better thal
Max-Job-Count. The first phenomenon is easy to explain = % 5 Results: Metric Evaluation
EDF acts as a greedy heuristic, arranging the dissemination e computed the fidelity that is given by the two
schedule purely based on deadline, while the other two alschemes by varying the number of clients. Experiments
tempt to factor in semantic knowledge available regardingyere run with 250, 500, 600, 800 and 100 clients each with
the application (i.e., the game). The second phenomenogy, event rate of 30 updates per second. The radii of visi-
is more subtle and leads to the discovery of an interestyjjity, fuzziness factors and allowable latencies werdset
ing property of this class of system. Effectively, Max-Job- the same values as in Section 6.4. Figure 7 shows the fi-
Count attempts to maximize number of jobs completedyelity comparison for the two schemes. The experiments

within their deadlines, discriminating among jobs basedyere run for 3600 seconds, a sufficiently long time for the
on their completion time. Max-Profit on the other hand,\5jyes of fidelity to be statistically significant.

discriminates among the jobs based on their "usefulness”,

It does so by considering fuzziness — if sending an updatg"r"1 Summary of Results

will not improve the clarity of a particular visibility sle From the figure it is clear that as the number of clients
(because its clarity parameters are already satisfied); Maxncreases fidelity delivered by the three schemes decreases
Profit will schedule this after (indeed, this update may everThis is due to the increased number of messages in the sys-
get dropped) more "important” updates that must be exetem with increasing number of clients. Ti&ax-Profit
cuted to maintain view parameters. The interesting findingscheme makes use of fuzziness factors to do intelligent
is that at high event loads, such discrimination pays off. scheduling and thus produces higher fidelities.

6.4.1 Summary of Results
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. ‘ ‘ ‘ ‘ ‘ ‘ ‘ 6.7 Discussion of Results
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From our experiments, we conclude that the scheduling
08 F mechanism that maximizes profit provides consistent view
of the game space to a higher number of clients than the
mechanism based on maximizing job count. It is worth

noting that the Max-Job-Count scheme that proactively

0.7

0.6 [

05 -

Average Fidelity

T 1 tries to keep higher number of clients consistent is worse
oo 1 in comparison to the Max-Profit scheme, which only tries
o2 1 to maximize profit without worrying about the number of
o1 1 clients. We attribute this, as already discussed, to the use
0 e = - - p— pn e of fuzziness factors to discriminate among jobs. The inter-
Figure 7: Avera%lgbe%i%gfﬁ;lngé Heved by EDF, Max-Job- esting property that emerges is as follows: given a set of

jobs with deadlines and a set of clients that consume these
jobs, if the clients can survive without a particular job be-
ing delivered to it, it is always preferable to deprioritize
that job below “clients cannot survive without” jobs, even
at the cost of not maximizing the number of scheduled jobs
6.6 Results: Relevant Set Computation on any specific schedule. This may result in low priority
job being dropped from the schedule, leading to a schedule
We presented our R-Tree based method for computing/hich may not always maximize the number of completed
relevant sets in Section 3. This method is both optimalobs-
and scalableOptimal: Our R-Tree method returnsthe ex-  From the above discussion it is clear that the Max-Profit
act list of relevant clients. Hence, we never omit relevantscheme gives the best performance. In our experiments we
clients or send send updates to irrelevant clients. From ounonitored the CPU usage of each of our schemes. Results
experiments, we noticed that the average relevant set sizre shown in Figure 8. From the figure, we see that the
depended heavily on the ROV used and contained aboutigh performance of Max-Profit comes with only a small
10% to 50% of the total client population. To understandamount of extra CPU usage, thus justifying our conclusion
the effect of non-optimal relevant sets, we ran experimentthat Max-Profit is better. Also, our relevant set compu-
where different relevant sets were used. As the number dftion method is both optimal and scalable. Hence, we
unnecessary clients in the relevant set increases, thalbverconclude that our algorithms are perfectly suited for real
performance decreases. This is because sending to moMOG environments.
clients would mean allowable latencies for not all of them
are honored. This leads to decrease in the percentage of ®
consistent clients as the number of non-relevant nodesin- | el
crease. Hence, optimality is required to attain the best pos_
sible results.

Scalable Our R-Tree method requir€XIg(n)), where
n is the number of clients, running time. Hence, it re-
quires very little extra computational time as the number of
clients increases. More importantly, its running time does
not increase as thdient density}changes. i.e., it is equally o 5 -
fast regardless of whether 10% or 80% of the clients are Event rate (Number of updates per second)
relevant. This scalability property is a crucial result aSFigure 8: Comparison of CPU usage for Max-Job-Count
client movement patterns and dynamic ROV changes rez,q max-Profit scheduling algorithms
sult in highly dynamic client relevant sets.

Count and Max-Profit scheduling algorithms

40 RS R S

CPU usage(in %;

o

These two properties of our R-Tree based relevant set
computation method make us confidentthat it can be use¥  Conclusions and Future Work
in real MMOGs where a) it is important that every player
that needs to know of an event receives it, b) the updates of In this paper, we described various algorithms for
events must be sent in real time, and c) the number of playachieving consistent game performance on a single server.
ers and player density can change by orders of magnitudé/e addressed both the update dissemination requirements
in just a few minutes. as well as the consistency set determination requirements



of consistency protocols. Our model is able to scale to refi1]
alistic scenarios where different clients could have diffe

ent consistency requirements. We showed, via simulations,
that our algorithms perform well under realistic game con-112
ditions.

Our work is an important first step in addressing the dif-
ficult yet increasingly important problem of achieving fast [13]
yet consistent massively multiplayer games. We plan to ex-
tend this work in many different dimensions. In particular,
we plan to build consistency protocols that are provabl
correct and efficient when more than one server is bein%S]
used and clients are able to migrate and interact across the
servers. We also plan to address the consistency requirﬁ-G]
ments for truly massively multiplayer games that have mil-
lions of players, thousands of servers, gigabytes of traffic
and highly diverse consistency requirements. For examplé17]
most events will only require local consistency but some
events, such as events affecting the game’s internal ecofiL8]
omy, will have to be globally consistent. Finally, we plan
to implement and test our algorithms in real multiplayer
games.

[19]
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