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ABSTRACT
Media streaming for video-on-demand requires a large ini-
tial outlay on server infrastructure. However, a peer-to-peer
system whereby existing customers act as relays for new cus-
tomers is a simple way to provide temporary capacity and
gauge demand before committing to new resources. A cus-
tomer who agrees to act as a relay should be provided the
service at a discounted price, but at what price, and is this
price affordable for the content provider? This paper in-
vestigates financial incentives for the hybrid model of video
streaming services.
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1. INTRODUCTION
The challenge of delivering growing, and increasingly di-

verse, Internet content has led to the creation of dedicated
or optimized delivery infrastructures. A large and dedicated
infrastructure may be more cost-effective and efficient, but
it poses a scalability problem when infrastructure limits are
reached. At this stage, it may be difficult to justify a large
outlay to acquire more infrastructure if demand and revenue
are not apparent but merely anticipated. An ideal solution
would be some way of testing the waters and gauging de-
mand.

Among alternatives that ensure scalability, Peer-to-Peer
(P2P) has often been touted as a natural complement to a
fixed infrastructure [5, 6] and even deployed in such hybrid
form [7]. It is usually taken for granted that the P2P alter-
native exists for a variety of reasons. Realistically, however,
an existing subscriber who consents to act as a relay would
demand a financial incentive, which should not be detrimen-
tal to the revenue. Thus, the benefit for the provider would
depend on finding the right number of subscribers to act as
relays.

However, most studies we are aware of on the hybrid
model have focused on performance and there has been little
evidence of work on its economics. For example, Balachan-
dran et al. [1] looks at two models—a federation model with
cross-region load balancing, and a P2P-CDN hybrid—and
analyzes real data and real patterns to compare them. Zhao
et al. [8] also explores a peer-assisted CDN, but their sys-
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tem does not have an incentive mechanism. Liu et al. [3] and
Liu et al. [4] both consider the performance dimension us-
ing heterogeneous sources, but do not consider the economic
dimension. Garmehi et al. [2] do consider an economic ap-
proach, but their approach differs from ours in that they
consider traditional P2P where you can only get content if
you are willing to share it, and they rebate bandwidth rather
than price.

Our fundamental questions are: What level of incentive
will motivate enough subscribers to act as relays? What is
the maximum level of additional service that can be achieved
using this strategy?

We take two practical approaches, considering first in Sec-
tion 2 a baseline model without relays, followed by a con-
sideration in Section 3 of the model with relays. Section 4
is a conclusion and future work.

2. MODEL WITHOUT RELAYS
In this section we establish notation and a baseline be-

fore turning to the effects of relays in Section 3. Let N
be the set of potential users (i.e., the population of the re-
gion, city, country, etc. that can access the service). We
suppose that the value of a subscription to the service is
exponentially-distributed within the population, with mean
mv. This distribution is based on the probability density
function

fv(v) =
1

mv
e
− v

mv (1)

defined for v ≥ 0. See Figure 1a. Fix s > 0; the exponen-
tial distribution implies the probability a randomly chosen

individual has value v ≥ s is
∫∞
s

fv(v)dv = e
− s

mv .
Now suppose that s is the subscription price of the service.

Writing N = |N |, we then have that, at equilibrium, there
will be a large number of subscribers, namely N exp{− s

mv
}.

In Figure 1a, the set S ⊆ N of subscribers consists of all
those individuals whose value falls to the right of s along
the horizontal axis. Note that our model of the relation of
subscribers to price is an equilibrium model—if the price
of the subscription were to rise or fall, the number of sub-
scribers would fall or rise after a (fast) adjustment period.

In our model, the population N is fixed, and everyone
in the population is potentially a subscriber—but only a
certain fraction would value the service enough to pay the
subscription price, s. Moreover, to increase the ranks of
subscribers, the subscription price must be reduced, which
of course affects revenues.

In the baseline situation, the provider’s infrastructure con-
sists of a fixed number of servers, serving (directly) a fixed
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Figure 1: Value and Cost Analysis

number of customers. To add capacity, a new server must be
acquired. Thus the provider’s cost, relative to the number
of customers, is described by a step function; as each new
server comes online, there is an increment to the overall cost,
as shown in Figure 1b. Note that per-user administrative
costs are considered negligible.

Of particular interest is what happens at the right-hand
boundary of each step, as the number of users reaches the
capacity of the current infrastructure. Deploying a new in-
frastructure raises the provider’s total cost from Ci to Ci+1,
a major increase, but permits an extra Ni+1−Ni customers.
Would the provider benefit by upgrading infrastructure?

Suppose that the price of the service is s, that M cus-
tomers are being served, and that the provider’s infrastruc-
ture lies on the first step of Figure 1b, where the cost is
C1 and at most N1 customers can be served. Then the
provider’s profit equals P = Ms − C1, provided that M =

Ne
− s

mv ≤ N1, which is equivalent to

s ≥ mv ln

(
N

N1

)
= s1. (2)

Thus, assuming (2), the provider’s profit is

P = Nse
− s

mv − C1. (3)

Consider in general a function of the form x exp
{
− x

m

}
.

Its derivative with respect to x is exp
{
− x

m

} (
1− x

m

)
. It fol-

lows that the function is increasing on [0,m] and decreasing
on [m,∞). Recalling that the expression (3) is applicable
only when s ≥ s1, we have shown that the maximum profit
occurs at s = mv if s1 < mv, and at s = s1 otherwise.
To interpret this finding, note that if mv is relatively small
(i.e., N is large relative to N1), then profit is bound by the
infrastructure constraint, and the optimal price (satisfying
s ≥ s1) is s = s1, which attracts N1 customers, exactly
matching the capacity of the infrastructure. In this case,

profit is P1 = N1s− C1 = Ns1e
− s1

mv − C1.
Now define

sj = mv ln

(
N

Nj

)
, (4)

for j = 1, 2, 3, . . .. It then follows from (2) and (4) that
s1 > s2 > s3 > . . .. It is then easy to check that sj+1 ≤
s ≤ sj implies that Nj+1 ≤ N exp

{
− s

mv

}
≤ Nj . Thus

subscription prices between sj+1 and sj are appropriate to
the jth level of infrastructure illustrated in Figure 1b.

The earlier analysis shows that, if sj+1 ≤ s ≤ sj , then a
maximum of profit occurs at s = mv if sj+1 ≤ mv ≤ sj ,
and s = sj+1 otherwise. In the former case, the maxi-

mum profit is Pmv = Ne−1 − Cj+1; in the latter case, it

is Pj+1 = Ne
−

sj+1
mv − Cj+1. Revenue and cost curves are

shown in Figure 1c. For simplicity, the Figure shows per-

capita revenue and cost, for example
Pj+1

N
= e
−

sj+1
mv − Cj+1

N
.

If sj > mv and the curve at sj lies below
Cj

N
, then it is

never profitable to do business on the jth step of the step
function. But if sj > mv and the height of the curve at

sj is above
Cj

N
, then values of s just above sj will bring in

approximately Nj subscribers, ensure that profit is positive,
and, as Figure 1c illustrates, closely maximize profit, at least
locally. Also, if sj < mv < sj−1, a local maximum of profit
occurs at s = mv—again, profit may or may not be positive,
depending on the value of Cj .

Figure 1c illustrates the problem of generating profit: the
provider must choose a level of infrastructure (i.e., a value
of j) and a value of s that maximizes the gap between the

curve and
Cj

N
. We have shown that the best value of s will

be either s = mv or s = sj for some value of j such that
sj > mv. The maximum of profit will occur at whichever
of these values of s corresponds to the greatest gap between
the revenue curve and the cost per capita.

3. MODEL WITH RELAYS
Now we turn to the situation in which some subscribers

act as relays. The step function describing costs shown in
Figure 1b, and the hard limit it represents, explain why the
relays might be valuable; a provider might increase the num-
ber of subscribers without incurring the immediate cost of
acquiring more infrastructure. The problem is that in order
to increase the total number of subscribers, the subscription
price must fall, which may negatively affect revenue.

First we augment our model of the population so that it
includes subscribers’ costs for acting as a relay. Recall that
N is the set of potential users. We have already assumed
that the value of the service is exponentially-distributed
within the population, with parameter mv > 0.

Now we assume that the cost of acting as a relay is also ex-
ponentially distributed within the population, with param-
eter mc > 0. Moreover, we assume that the distributions
of cost and value are independent. Thus the probability
density function of cost, c, is

fc(c) =
1

mc
e
− c

mc . (5)

where mc and mv are the means of the distributions.



Fix c0 > 0. Then the probability that a randomly chosen
individual has cost c ≤ c0 for acting as a relay is∫ c0

0

fc(c)dc = 1− e
− c0

mc . (6)

In particular, the expected number of subscribers whose
value for the service is at least s, for whom the cost of acting

as a relay is less than c0, is Ne
− s

mv

(
1− e

− c0
mc

)
.

Assume that at the outset there are no relays and the price
s1 has been set to match exactly the number of subscribers
that can be accommodated with the current infrastructure,
N1. As argued earlier: N1 = Ne−s1/mv .

Now consider a lower price s < s1, which should lead to
an increase in the number of subscribers, but at the same
time we allow subscribers to become relays if they choose
to do so. In our model, a relay is someone for whom the
rebate (reduced subscription price) compensates the extra
cost incurred for relaying traffic to another subscriber. The
reduced price, r, is expressed as a percentage of s, so a
subscriber acting as a relay will pay rs for the service.

Figure 2 illustrates the new situation with price s1 chosen
as described above. The vertical axis represents the cost
of being a relay: some of the original subscribers are relays
(M), some remain subscribers but are not relays (L) and
the service has acquired new subscribers (K). Our model
is that a subscriber from the original group who becomes
a relay must be paired with exactly one new subscriber, s,
who must be one of the subscribers who was attracted to the
service at the new price s < s1. Note also that in this model
new subscribers cannot be relays; only original subscribers
can convert to relays. Thus the number of subscribers in K
matches the number of relays inM, or K = |K| = M = |M|.
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Figure 2: Subscribers with relays.

Thus, Figure 2 shows the number of original subscribers
who become relays (inM), M = Ne−s1/mv (1−e−(1−r)s/mc)

and the number of new customers acquired, K = N(e−s/mv−
e−s1/mv ). Clearly, the values of r must be set so that
K = M . Equating the above equations and solving for r
produces

r = 1 +
mc

s
ln (2− e(s1−s)/mv ). (7)

The total revenue is the sum of revenues from each of the
three populations, K,L, and M, i.e. (K × s) + (L × s) +
(M × r× s). Or, considering that K = M and L + M = N1

(see Figure 2), total revenue equals (N1× s) + (M × r× s) =

sN1 + rsN(e−s/mv − e−s1/mv ). Substituting the value for
N1 and r above, total revenue equals

sNe
−s1
mv + sN(e

− s
mv − e

− s1
mv )

(
1 +

mc

s
ln

(
2− e

s1−s
mv

))

= sNe
−s1
mv

(
1 +

(
e

−s
mv

e
−s1
mv

− 1

)(
1 +

mc

s
ln

(
2− e

s1−s
mv

)))
.

Recall from (1) that the distribution of the population
based on some value v and follows a negative exponential,
whose rate of decrease is fixed by the value mv. The smaller
the value, the faster the decrease, meaning that the popu-
lation is concentrated on smaller values of v—and we will
say that the population is more sensitive to v. On the other
hand, as mv gets larger, the population spreads more evenly,
and is less sensitive to the value of v. Similar statements can
be made about the sensitivity to the value of c. We now look
at the effect of the values of mc and mv on the relay popu-
lation and the possibility of increased revenues.

Figure 3 displays revenue and rebate functions for four
different combinations of values for mc and mv. In all fig-
ures, the horizontal axis presents values of s. We assume
that s1 is 10 and study values of s in the 6 to 10 range.
The left-hand vertical axis is the total revenue—note that
its range varies between figures, for the sake of clarity. The
right-hand vertical axis is the rebate r, with values between
0 and 1. Notice that, in all cases, the rebate curve passes
through the point (10, 1). In these figures, the values of s1,
mc and mv have been chosen somewhat arbitrarily, but this
is not an issue since we are interested in trends, rather than
precise results. More specifically, we want to observe under
which conditions it is possible to increase revenues using our
scheme.

Figure 3a shows the curves for mc = 2 and mv = 5. To un-
derstand this figure, suppose that the price reduction starts
at r = 1. Note that subscription price is s = s1 = 10 at
this point, and total revenue is approximately 1.4. As r
moves down the right-hand vertical axis, the corresponding
subscription price s to balance the new customers and the
relays is the value of s at the corresponding point of the
rebate curve. For example, at r = 0.6, s = 7 and revenue
equals 1.3. Note also that when r → 0, the subscription
price that exactly balances new customers and relays ap-
proaches 6.6, and total revenue is about 0.8. The vertical
line at this point shows what happens when all relays receive
the service for free. Study of Figure 3a shows there is a peak
in revenue, about 1.5, for a value of s around 8, labeled by
a) on the plot, corresponding to reduced price r = 0.85.

Lower sensitivity to value means that the revenue curve
is flatter near the peak, which leads to stable results with
a variation of ±5%. The matching Figure 3b, on the other
hand, shows the results when the sensitivity is opposite. The
rebate curve falls faster, and the peak is narrow.

To study the effect of discrepancy between sensitivity to
cost and value, we examined larger differences in values:
mc = 2 and mv = 50 and the opposite, mc = 50 and mv = 2
(not shown). Both cases have significantly different rates of
descent for the rebate, but revenue is maximized at or near
s = s1 = 10 i.e., there is no benefit to using relays here.

Finally, we look at the situation of same values for mc

and mv, either both small in Figure 3c, or both large in Fig-
ure 3d. In both cases we have a peak value for revenue, and
its spread is larger for large values of mc and mv, leading to
more stable results. For larger values, we see that the start-
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(a) mc = 2 and mv = 5
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(b) mc = 5 and mv = 2
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(c) mc = 2 and mv = 2
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(d) mc = 20 and mv = 20

Figure 3: Revenue function for values of s at 10 and below.

ing point (at r = 1) is closer to the peak value, which is more
stable for small changes in s, quite unlike what happens for
small values of mc and mv.

4. CONCLUSION AND FUTURE WORK
We observe these trends: 1) It is possible to increase rev-

enues with the introduction of relays; 2) This works best
when there is not too large a discrepancy between sensi-
tivity to cost and sensitivity to value; 3) Results are more
stable for lower sensitivity to value. At a fundamental level
we made assumptions about value and cost distributions,
namely that they followed probability density functions, (1)
and (5). These are reasonable assumptions, but actual data
could lead to a model with more “realistic” distributions.

Moreover, our constructed model is not an equilibrium
model, but could be adjusted to become more in line with
stability considerations. We assumed only existing customers
became relays, but what if some users were attracted by the
(cheaper) relay option and who would not have been exist-
ing customers but would have been enthusiastic to act as
relays? These questions will be explored in future work.
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