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Abstract— In peer-to-peer multiplayer games, each the number of players, not quadratically. Our techniques
peer must send periodic updates of its objects to other enable each peer to send frequent updates only to those
peers. Since typical broadband users have little upload players focusing attention on its objects, while preseyvin
bandwidth, updates to each player will be infrequent timely and consistent interaction and realistic movement
when there are many players in the game. This for all objects.
leads to choppy and unsatisfying gameplay. Therefore, To evaluate our techniques, we modify Quake I,
we propose three techniques to compensate for lowa popular first-person shooter (FPS) game, to run on
upload bandwidth in peer-to-peer games:focus sets, Donnybrook. We present the results of a large user study,
pairwise rapid agreement, and guidable Al. To test which show that Donnybrook substantially increases the
these techniques, we implement them and conductenjoyment of P2P Quake Ill in a low-bandwidth en-
a user study that evaluates the resulting game. We vironment. Moreover, our results show that players are
find that our techniques make a game played with nearly as satisfied in a low-bandwidth environment with
low bandwidth significantly more fun than existing Donnybrook as they are in a high-bandwidth environment,
techniques, and nearly as much fun as one playedsuch as a LAN. Based on this study, we estimate that
on a LAN. Thus, they enable an order of magnitude Donnybrook increases the number of players that can be
more players than existing techniques. in a game by an order of magnitude.

I. INTRODUCTION Il. BACKGROUND

Online multiplayer games have become an importantin P2P architectures for FPS games, like Colyseus [8],
part of the computing landscape. There is a growirgach player's peer is responsible for a subset of all
desire to serve these games using the machines of ggme objects. The peer responsible for an object runs the
ticipants themselves rather than with dedicated servepsimary of the object, and each other peer interested in it
Using participant machines reduces subscription costsaintains aeplica. The responsible peer sends updates to
eliminates dependency on centralized infrastructure, argglicating peers eadiname, which typically occurs every
automatically scales to an arbitrary number of clientS0 ms. An update encodes the object’s changes since the
Moreover, one common concern about this approach last frame. For example, Bob’s peer may be responsible
the increased risk of cheating — is mitigated by severfar Bob’s avatar and missiles that he fires. When Alice
recently proposed techniques [7]. can see one of these objects, her peer creates a replica

In proposed peer-to-peer (P2P) architectures [8, 18J,it. Bob’s peer sends Alice’s peer periodic updates so
each peer is responsible for a subset of all game objedice always sees an up-to-date version.
and sends updates about those objects to peers interestddhen the sender has insufficient bandwidth to send
in them. Thus, each peer requires enough upload cgdates every frame, it must skip some. Due to the fast-
pacity to send updates to all interested peers. Howevaaced nature of FPS games, if the rate drops even slightly
residential upload rates are typically quite limited, e.goelow the nominal 20 updates per second, transitions
only hundreds of kb/s in the United States [1]. This ibetween updates appear “choppy.” For example, because
insufficient to support games with dozens or hundredsad-reckoning [14] cannot handle delays longer than a
of interacting players. Area-of-interest filtering can helgew hundred milliseconds in FPS games, player avatars
but cannot eliminate the problem; e.qg., if updates requinell appear to warp between positions instead of running
16 kbps and a player with 128 kbps is in sight of moremoothly between them.
than 8 other players, his peer simply does not have enouglExisting architectures use area-of-interest filtering to
bandwidth to send updates as often as the game requiliesit the number of updates a peer must send. With such
For this reason, we are developing a new architectufétering, when two players cannot see each other, their
called Donnybrook, to enable large-scale P2P games epe®rs need not exchange updates. However, in many game
in environments with highly constrained bandwidth.  maps, all players are always visible. Even in maps that

In this paper, we discuss the techniques we use in Dare partitioned, the popularity of different areas folloavs
nybrook to improve game playability in low-bandwidthpower-law distribution [8], so some areas will have many
conditions. The main insight that enables our approachpkayers visible to each other. Therefore, additional tech-
that human attention is bounded by a constant. Thus, thigues to compensate for low-bandwidth environments are
amount of attention in a game grows only linearly witkessential. Donnybrook employs several such techniques.



I11. DONNYBROOK A fixed fraction of bandwidthF, is assigned to the

Donnybrook’s design is based on three principles, ea us set. During each frame, pq’emomputes_the number
of which suggests one of our three techniques: of bytes it can send that frame, multiplies this By, then

, _ divides by the update size. This gives the allowable
Players have bounded attention A human has a fixed gj,e of the focus set for that frame. That frame’s focus

‘attention budget” and, hence, can only focus on a CoBgt contains the: peers with highestd;; values. After
stant number of objects at the same time [10, 15]. FQLqing updates to those peers, peases the remaining
example, even in a large firefight, a player will ©nflanqwidth to send updates to the peers updated least
to focus on his or her current target. This p”nc'pl?ecently.

implies that the aggregate amount of attention in they, compute the attention-value as the weighted sum

gamde gt_VOV\I/IS O;\W linearly with thet?lumb_ef ?f players%_ n,QJtrslI metrics that we believe are correlated with player
quadratically. As a consequence, there is always suffici ntion. In other wordsAd., — S~ ® \wher
capacity, within a constant factor, to maintain updatesra% (?) on. other words =1 Wk ere

9 : .
proportional to player attention. Thus, an object’s upda@: . ’f(f)’ e ,E(’?(kz)arivourm meitncs, ar?dw’f IS t_he.
rate to a player should vary based on his or her attentiff'dnt for metrick%%. We currently use three metrics:

on the object. Ourfocus set technique implements thisProximity. Players are more likely to pay attention to
differentiation in update rates. close objects. Thus, we use the following proximity met-

Interaction must be timely and consistent.The focus fic:

of online games is player interaction, so it is critical Fi(jl) = max{(1 — dist(i, 5)/Dinaz) """, 0},
that interactions occur in a timely and consistent fashion.

For example, when a player kills another, both playef{1€r€ Dima. is about 1/2 the diameter of a map. The

should observe the death immediately. Players exp&Ponent 1.5 is based on the rate at which objects become
targets of lethal shots to die within milliseconds, so evefisually “smaller” as distance increases.

small delays are jarring. Moreover, if an interaction is nésim. Players are more likely to pay attention to objects
observed consistently, then out-of-band channels suchtlzgy are aiming at. Let thaim deviation a;; from player
chat may reveal the inconsistency. This principle suggesto playerj be the angle between playés forward
prioritizing interactions, i.e., inter-object writes,@vother vector and the vector from playerto player j. Since
updates. Oupairwise rapid agreement technique achievesinstantaneous aim can be erratic, our aim metric uses
this prioritization. the more stable:;;, an exponentially weighted moving

Realism should not be sacrificed for accuracyAn 2verage of;. Our aim metric is

out-of-focus object that violates game realism is more (2) _ & 710y 1.5-log(dist(i,5))

likely to be noticed than one that is portrayed with small Fj” = max{(l = a;/45%) O}
inconsistencies. For example, it is more important /e assume players are paying little attention to objects
ensure that the change of a replica’s position obeys gahgyond thed0° visible cone. We multiply the fall-off rate
physics than to minimize its error with respect to thky log(dist(, j)) because more objects are visible at larger
primary. Ourguidable Al technique achieves this realismdistances and they appear smaller; thus, a player must aim
Guidable Al makes replicas act in a realistic mannanore carefully to discriminate between them.

between updates, unlike traditional replicas which onlyteraction Recency. Since interaction is the most im-
perform dead-reckoning of position between updates. portant aspect of multiplayer games, players who recently

The following subsections discuss each of these thriggeracted should be paying attention to each other. Our
techniques in detail. metric computes

A. Focus Sets 70 _ { e tia/l SeC jf .. < 3 sec

Since player attention is limited, we vary update rates Y 0 otherwise
based on estimated player attention. More formally, letheret;; is the time since an interaction between players
A;; be an attention-value representing the amount of; andj as defined ir§lll-B. FPS games are fast-paced so
attention peer estimates that player has on playeri. we bound the influence of interactions to a few seconds
Peer: occasionally computes and sends; to peerj, and make it fall off quickly.
piggybacking on updates. Different metrics are more important in different situa-

Peerj uses the received attention values to decide hdions, so we vary the weightgu; } based on player state.
often to send updates to peers. It sends updates to p&éemally, we weight interaction recency about 1.5 times
with the highest attention-values every frame, and to theore than proximity and aim, but we raise the weight
rest at whatever frequency is possible given the remainiofj proximity when wielding a melee weapon and raise
bandwidth. We call the set of peers receiving per-frantke weight of aim when wielding a sniper weapon. Our
updates thdocus set. The frequency of updates to peersveights and metrics yield good playability despite limited
not in the focus set is the best-effort rate. tuning effort on our part.



B. Pairwise Rapid Agreement direction. To predict position, we simulate where the

When one object’ modifies another objedt, we call player will be int sc_aconds if hi_s_or her input does not

this aninteraction, with 1 the writer and T the target. change; we found this to be sufficiently accurate when

For example, if one player shoots another, the shootepec- Facing dlrec_tlon is e>_<pressed as_the angle between
acts as a writer because he decrements the target's hedlffayers actual aim and his or her estimated target. The
field. Our policy is that upon an interaction, the writer§a"9et is estimated as the other player who minimizgs
peer immediately communicates with the target so théy defined irglll-A. We predict facing direction r_elatl_ve
can quickly agree on the state of the changed object. le@nother player rather than as an absolute direction so
call this pairwise rapid agreement (PRA). that despite inconsistencies in the locations of replicas,

A PRA consists of an asynchronous RPC from thtge directions they face relative to other replicas willkoo
writer's peer to the target's peer. The target's peer afsi"ly correct. _ o
plies the write to its primary copy and replies with the Actions the replica should replay, like firing shots,
new target state. Sometimes the resulting state chang€ggth, and respawning, are not continuous like the pre-
predictable, so the reply can be only a few bits or evé#us two properties. To accommodate these, guidance
completely elided. Note that the writer's replica of théhcludes counte_rs of how many times each action occurred
target may be inconsistent, and the write may turn out $ that the replica can replay them the correct number of
be impermissible. For instance, a player may try to pick ines. However, note that a replica is not permitted to
an important item that has already been taken by anotheedify other objects. So, for instance, if it replays shots
player. In this case, the target simply responds that tfied, these shots must be “blanks.”
write did not happen. Most modern FPS games contain Al routines for
PRAs are feasible because they do not apprecial§§mputer-controlled players known as bots. Since bot Al
diminish the bandwidth budget for updates. Interactioggde attempts to emulate real player behavior, it is well
occur at human timescales, so they are infrequent costtited for our purpose of making replicas act realistically
pared to updates. Also, PRAs involve only one-to-one, ngp, to implement guidable Al we do not have to write
broadcast, communication. new Al routines; we can use ones already present in the
We found only four interaction types in Quake III: ondJame. For instance, a peer receiving guidance can use
player damages another, one player dies and incremeh& bots’ Al path-finding routine to have its replica move
another’s score, a player picks up an item, and a play@rthe predicted position and turn to face the predicted
opens a door. target with the estimated deviation. It can use other bot
To enable PRAs for weapon damage, we assume tAdfoutines to perform actions required by action counters.
a peer knows who gets hit by weapons fired by the localAlthough guidable Al makes replicas move realistically,
player. In other words, the shooter decides whom his fitecan lead to high inaccuracy. Thus, it is only used for
hits, based on his or her possibly inaccurate view of tigayers not in focus. When a player focuses on another
target's location. Basing this decision on the shootefdayer, its peer begins receiving frequent updates from
worldview is common in FPS games, since players withat player’s primary, causing the replica of that player to
high-latency network connections find it unrealistic to fireonverge to the correct state, as follows.

directly at a player and miss [6]. When a replica begins receiving state snapshots from a
, primary, applying them directly might require unrealistic
C. Guidable Al warping from its inaccurate position to the correct posi-

A player replica whose peer is not in the focus sé&bn. Thus, the primary continues to send guidance along
of its primary receives infrequent updates. As noteglith the state snapshots. Since guidance arrives frequently
earlier, simply using dead-reckoning between infrequethie replica will soon converge to the correct state. We
state snapshots would make replicas appear “choppy” awhsider it converged when it is within a player object
unrealistic. Therefore, instead of sending state snapshdiameter of the correct position; other properties do not
the primary sends such replicgasidance about how the matter because they can be interpolated quickly without
replica should act until the next update. The replicg@rring effects. When the replica has converged, it teks th
in turn, uses aguidable Al to simulate the primary. primary to stop sending guidance, and it starts applying
This Al ensures that movements appear realistic, whigate snapshots directly.
attempting to coarsely approximate the primary’s state via

the guidance. The guidance a primary sends to replicas IV. EVALUATION
consists of grediction and a set oéction counters, which
we now describe. The ultimate goal of games is user satisfaction. If a

A prediction is the primary's estimate of its state game can support many players with little upload band-
seconds in the future, where is the expected time width but is not fun, then the capability is meaningless.
between consecutive best-effort updates to the same p&berefore, we evaluate Donnybrook’s support for such
In Donnybrook, we predict two fields: position and facingonditions based on how fun it is under those conditions.
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Fig. 1. User satisfaction experiment results. From left to righgse show (a) time until the votes to switch, (b)
total time spent on each version, and (c) self-reportedescdgrror bars show 95% confidence intervals.

Our evaluation of Donnybrook answers two main ques- To simulate a large game, we use 30 bots in addition to
tions. First, how much more enjoyable is Quake Il in the two human players. Each bot or player is treated as a
low-bandwidth setting with Donnybrook than with currenseparate peer in the virtual network, but all bots execute
techniques? Second, is a game with Donnybrook in a loan a single virtual server due to limited computational
bandwidth setting comparably enjoyable to a game in agsources. This means bots never see inconsistencies, but
ideal setting, like a LAN? To answer the first questiornwe do not believe that this substantially affects our result
we compare.oBW-Donny, a low-bandwidth setting usingsince it does not change the update volume that is sent
Donnybrook, toLoBW, a low-bandwidth setting usingbetween peers and we only measure the experience of
current techniques. To answer the second, we comphtamans.

LoBW-Donny to HiBW, a high-bandwidth setting. We take several steps to encourage human interaction.

We perform these evaluations using a modified versidke make human avatars easily distinguishable from bots.
of Quake IlIl, a popular FPS game. This modified versioe make it practically impossible to win by killing only
can be configured to use either Donnybrook or the currdstts, by making kiling a human worth ten times more
state-of-the-art, i.e., dead reckoning. Quake IIl is n@bints. We give the winner a token prize. Finally, we
normally a P2P game, so our modified version is encourage players to communicate verbally as if voice
simulation of a P2P game. Each peer is emulated withat were enabled.

a virtual Quake IIl server with its own copy of the game In LoBW andLoBW-Donny, each peer has 108 kbps of
state. The virtual servers run in a single process, whielitbound bandwidth. We choose this capacity because it

emulates a network between the peers. enables a focus set size of four and a best-effort rate of
_ _ one update per second, settings that we found satisfactory
A. User Satisfaction during our own play-testingHiBW has no bandwidth
First, we study overall user satisfaction. limit. In all scenarios, the RTT between each pair of peers

is 20 ms. All games use the popular mgBdni7, in
M'éch all players can see one another.

We conduct 12 trials of.oBW vs. LoBW-Donny and

is when they select a public server to play on. Player% IS of , ) | of
typically choose from a list of servers; if they becorrcﬁl trials of LoBW-Donny vs. HiBW, using a total of 88

dissatisfied with a server, they leave and try another. Gijf€rent participants. In general, opart|C|p§nts are very
user study emulates this scenario, as follows. familiar with FPS games, with 62% reporting that they

Pairs of volunteers sign up to play a game of Quake Iﬁ’.lag%dY;PS ga{_nes e:[vlery ;ﬂay at some poklntNln tht?rlhfe
They are told that there are two Quake Il servers wi o reporting at least once per week. Nonetheless,

different network characteristics they can choose fro € give all players 8 minutes to practice playing Quake Il

In each experiment, these servers eitheriugWw-Donny P€fOr€ OUr experiment using théBW scenario.

and LoBW, or LoBW-Donny and HiBW, but we do not Results.We use four metrics, described below, to measure
tell them how the servers differ. They begin playing onser satisfaction. Results given by all four metrics suppor
one server and can vote to switch. They switch versiotvgo main conclusions. First, players have a much more
when both players vote to do so, and they switch back afaorable impression of low-bandwidth games with Don-
forth as often as they wish. Player scores are transferrgbrook than without. Second, with Donnybrook, players
from one version to the next, so there is no incentivare about as satisfied with a low-bandwidth game as they
for the losing player to switch. Also, to avoid bias fromare with an unlimited-bandwidth game.

the order that versions are played, for each of the twoTime until switch. Players likely leave an unsatisfactory
experiment types half of the pairs begin on one versimersion sooner than a satisfactory one. Fig. 1(a) shows the
and half begin on the other. After playing 15 minuteBme until the first player in each trial votes to switch from
total on both versions, they play a new 5-minute game ¢me initial version and the time until both players vote to
the least-used server so they have enough experiencawitch, on average. Clearly, players are dissatisfied with
compare the two. LoBW very quickly — on average, the first vote comes

Methodology. A real-life scenario in which players ex
press a preference between versions of the same g
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Fig. 3. Average hourly correlation coefficient between

at 40 seconds. In contrast, players vote to leayBw- ©€XPected scores and actual scores under various condi-

Donny after about the same time as they would have IfPns. Error bars show 95% confidence intervals.
HiBW, on average.

Total time spent. Players likely play longer in a gamethe correlation of the scores and the expected scores. The
that they find more enjoyable. Fig. 1(b) shows the averaggerage hourly correlation in each game is our fairness
amount of time spent on each version in the two differefetric. To illustrate how high a measure is reasonable to
experiment types. Given the choice betweemW and expect, we report the same metric for tH@W run. The

LoBW-Donny, players overwhelmingly choose to spengifference between this value and 1.0 shows the deviation
time on LoBW-Donny. When ChOOSlng betweehoBW- that random effects can produce.

Donny and HiBW, players spend slightly more time on . ) ,
. P . o o We compute two correlation measures: Spearman’s rank
HiBW, though this difference is statistically insignificant : . ) : ,
. ; correlation coefficient and Pearson’s correlation coeffi-
given our small sample size. ; ; . . .
. cient. The former considers relative rankings, while the
Self-reported score. After the experiment, players rate ,
. . ) latter considers absolute score values. In both, a value of
their enjoyment of the two versions on a 1-10 scal

Fig. 1(c) shows the average scores given to each versior%in'ndlcateS perfect negative correlation (worst casep 0 n

' ! ; . " )
the two different comparisons. On averageBW-Donny carrelation, and +1 perfect positive correlation (besegas

is preferred by 4.5 points oveoBW, whereas the differ-  In this experiment, unlike that dfIV-A, we are con-
enceLoBW-Donny and HiBW is statistically insignificant. ce€rned with bot interaction. Therefore, we run each bot in
Seif-reported preference. Finally, each player is asked@ Separate virtual server so they can see inconsistencies.
which version they like better. Fig. 2 shows user prekimited computational resources restricts this setup to 16
erences in the two different comparisons. Again, theBgts. Our user satisfaction study indicates that players
results corroborate our two conclusions. One anomaly§8ioy Donnybrook with a focus set size of four and best-
the single player who prefet©BW to LoBW-Donny. This ~ €ffort update rate of 1 per second, so we set upload

is because, in his words, “It brings back my memory d¢fandwidth andF,, accordingly inLoBW-Donny and use
playing Quake | over a 28.8k modem.” the same upload bandwidth imBW. We also use the

sameq3dnil7 map.
B. Fairness
In this section, we evaluate how Donnybrook perfomgesu_lts.The R_andom bots part of Fig. 3 shows the results
on one game aspect that contributes to user satisfactigh.lhis experiment. We see that theBw-Donny and
This aspect ifairness, i.e., how well game outcome re-LOBW correlation coefficients are very high, with 0.96 for
flects player skill. Low update rates can lead to unfaime ks and 0.94 for scores. Thus, it seems faimess is not
because inconsistency in a player's replica can prevengitPStantially reduced by low update rates, whether or not

from accurately reflecting the player's actual actions. Ponnybrook is used.

Methodology. The relative scores of different players However, upon further i_nvestig_ation, we discover that
usually reflect their relative skills. Thus, to evaluatie reason for the high fairness is that scores tend to be
Donnybrook’s effect on fairness, we study how well iprdered b_y skill Ievc_al in gll scenarios. Thus, we perform
preserves relative scores. Since it would take too Iovlgﬁe experiment again using bots with random models but
to obtain sufficient gameplay samples from humans, @ at skill level 5. TheAll bots level 5 part of Fig. 3
use Quake Ill bots. Quake Il provides 32 different bgthows the coefficients in this experiment, Whlc_h_are much
models, each available at five skill levels. Each modi@wer for LoBW and LoBW-Donny, but still positive. In
has different characteristics, such as weapon preferer@dition, the difference betweemBW and LoBW-Donny
Different skill levels of a model have different refinementgoefficients are statistically insignificant.
of these characteristics; e.g., higher skill levels often We conclude that Donnybrook preserves fairness at
correspond to better aim. a coarse level, but may cause unfairness in matches
In our experiment, bots with random models and skiletween players with similar skill levels. Donnybrook has
levels play a game for 24 hours usirtiBW. The scores similar fairness to existing architectures in low-bandwvid
at the end of this game are thepected scores. Then, conditions, so guidable Al does not seem to cause a
the same bots play one game usir@@W-Donny and one reduction in fairness. We discuss avenues we are pursuing
usingLoBW. For each hour of these games, we compute improve Donnybrook’s fairness igvI.
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One avenue of future work is to improve Donnybrook’s
fairness. We may be able to leverage machine learning
600 techniques to improve each guidable Al's representation
o Withowt Bonmybrook of a player. In addition, we can refine PRA; e.g., we

have a scalable technique that lets the target of a missile,
rather than the shooter, decide whether a hit occurs, so
that missile dodging skills are preserved.

Another avenue of future work is to handle skewed
C. Discussion distributions of player attention. Fixed—sizg focus sets do

' not work well when many players are paying attention to

Our user satisfaction experiment suggests that Wihsingle player, as can happen in a capture-the-flag game.
Donnybrook, a game is enjoyable if there is sufficieftortunately, since the aggregate amount of attention in
bandwidth for a focus set size of four and a best-effofie game is constant, in this situation there must be some
rate of one update per second. On the other hand, withggkrs with little attention on them and, thus, have spare
Donnybrook, each peer needs enough bandwidth to brog@ioad capacity. We are working on an overlay multicast
cast updates every frame. Fig. 4 shows a projection of t§gheme to let peers to share their upload capacity in a
number of players supported as a function of availabigency-sensitive manner, which would solve this problem.

With Donnybrook

Number of players

0
0 200 400 600 800 1000 1200 1400 1600
Upload bandwidth per player (kbps)

Fig. 4. Projected scalability of Donnybrook

upload bandwidth per peer. It shows that Donnybrook can
enable an order of magnitude more players in a game.
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