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Abstract

In [Che] a trading model for bandwidth commodities is introduced and the computational
complexity of brokerage in a spot market is analyzed. In this model the bandwidth brokerage
problem is de�ned as the packaging of multiple contracts traded in local bandwidth market-
places to produce new composite contracts. It is argued in the same paper that brokerage
of bandwidth commodities is a di�erent approach to the inter-domain QoS routing problem.
Based on the insights of the previous work and an analysis of a limited set of recent real-world
bandwidth trading data, we proceed to a discussion of the e�ects of choosing one or the other
set of data for the computation of composite contracts. Some general observations are made
about the state of the bandwidth commodity market today. It is shown with examples that
the choice of input data for brokerage decision support tools is a�ecting the management of
various identi�ed risk factors. The degree to which the broker is exposed to risk when acting
as a reseller depends in turn on the choice of paths in a \contract graph" representing the
state of the bandwidth market.
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1 Introduction

In recent years advances in switching/routing and network management have lifted some of
the technological barriers in provisioning of bandwidth on-demand. Meanwhile, according to
[CMMG97], the unprecedented abundance of bandwidth supply witnessed in the late nineties
will be long-lasting. This trend will urge suppliers and consumers to engage more actively in
trading excess capacity, leading to the formation of bandwidth commodity markets. Indeed,
several e�orts to promote bandwidth trading and the de�nition of standard contracts are
underway today, as in [Enr99].

In [Che] the concept of a bandwidth broker is presented, implementing the basic brokerage
functions of searching, providing trust, aggregation and negotiation, as described in [SB99], as
well as functions speci�c to bandwidth markets. The latter include trading multiple contracts
in a spot market and even o�ering new composite contracts to customers, thus creating a
secondary market for bandwidth [CL00]. A contract graph is introduced in the same paper to
represent the state of the bandwidth market. It is assumed that such a graph consists of nodes
representing local bandwidth exchanges and links corresponding to the traded segments, i.e. a
link from A to B in the contract graph represents the fact that connectivity between the A and
B exchange locations is being traded. Each link was assigned a price tag and the brokerage
problem was de�ned as follows:

Given a customer request for connectivity between two locations with a set of qual-
ity constraints and a price constraint, compute a path between these two locations
in the contract graph, such that the bandwidth requested can be supported by the
path and quality and price constraints are satis�ed.

The path found, if any, determines the properties of a path contract which the broker may
choose to o�er to a requesting customer, or may publish on the secondary market. Trading
individual segments is a special case of path brokerage, segments being paths of unit length.

It was argued in [Che] that the above problem description is a link-constrained (bandwidth)
multi-path-constrained (delay, reliability, etc.) path computation problem, known in the QoS
routing literature [CN98]. The general formulation of the problem is NP-complete [WC96,
GJ79]. In the case, however, where a set of standard commodity contracts are traded for all
segments of the bandwidth market, the brokerage problem was shown to be reducible to a
least-cost hop-count-constrained path computation problem. The latter is solved in polynomial
time, by applying an extended shortest path algorithm. Thus contract standardization enables
automated, scalable bandwidth trading.

This paper is organized in the following manner: Section 2 brie
y illustrates the existence
of risk in bandwidth brokerage. Section 3 describes the structure and properties of contract
graphs. Section 4 lists several types of market data which are useful in bandwidth trading and
Section 5 proposes some ways of using this data in the contract graph structure. A large part
of the paper is devoted to Section 6, on the collection and evaluation of real-world trading
data.
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2 Brokerage Risk

The choice of a path contract and therefore the broker's risk associated with trading it, depend
on the data contained in the contract graph when computing the optimal path. Risk arises
from the fact that market prices and liquidity vary, so a path contract's price and availability
is also subject to change. Three risk factors have been identi�ed:

� Price (Market) Risk is the risk associated with the change in value of a trader's positions
caused by changes in market supply and demand.

� Liquidity Risk is stemming from the lack of marketability of a contract at the current
market price and is usually re
ected in a wide bid-ask spread and large price movements
in response to any attempt to buy or sell [IFC].

� Quality Risk is an e�ect of the lack of fully standardized contracts and is re
ected in
wide ask spreads. In a market where quality is important yet not always well-de�ned,
measurable or comparable, sellers may ask for widely varied prices, on the grounds of
brand reputation or simply taking advantage of incomplete information on the buyers'
side.

All three of the risk factors are interrelated and therefore not always distinct in this paper.
For example, liquidity risk is a�ecting the price at which the liquidation of a large position
could take place, while contract standardization would eliminate quality risk and reduce liq-
uidity risk.

In one possible scenario, assume a broker is publishing a forward contract for a path to the
market and postpones the purchase of the underlying segments until an order/con�rmation
is received from a customer, or even until shortly before the time of delivery (just-in-time
resource allocation). In these cases, if buying the associated segments turns out to be more
expensive than the agreed contract price, the broker will lose money. If, on the other hand,
a broker attempts to minimize this risk by over-estimating a path's price in his o�er, or by
means of early resource allocation, the risk of losing customers to competing brokers will force
the broker to \correct" his estimates and seek an optimal allocation strategy. We will examine
di�erent ways of computing a path, depending on the set of market data that is available to
the broker and show with examples how a broker's exposure to risk is a�ected by his choice
of paths.

3 Contract Graph Properties

In a simple version of the contract graph, each edge corresponds to a segment and is assigned a
price ([Che]) but as we will see, it is not obvious what this price represents, or, in other words,
which market data is used to derive the weights of edges. A more complete description of the
state of a bandwidth commodity market using a contract graph, has to take into account that
there is not only one price quote for each traded segment, but instead a whole set of o�ers is
available.

Therefore we should rede�ne here the contract graph, in the most general case, as a graph
of price quotes, not of segments only. The set of traded segments speci�es the basic structure
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of the contract graph, i.e. which nodes are neighbors and the number of o�ers for a segment
determines the number of links between two neighboring nodes. Let � be the average number
of segments traded at an exchange location, and ! the average number of available contracts
for a segment. Then a contract graph of � vertices has a vertex degree equal to �! and ��!

2

edges on the average, If all posted price quotes are necessary for computing path contracts,
this is the graph that is needed.1

Later in this paper we will examine some simple alternatives for compressing all the data
on a traded segment to just one or a small number of useful metrics.

4 Market Data

Although trading path contracts is similar to QoS routing, and indeed a means of con�guring
communication paths at the inter-domain level, there are substantial di�erences which can be
intuitively attributed to the fact that the dynamics of bandwidth trading are dictated mostly
by competitive forces in the market and it is arguably not clear if and how they are linked
to network dynamics, which are prevalent in the routing of data traÆc. Instead of relying on
network state and user traÆc information to compute an adequate path between two points
in a network graph, we rely on customer requirements and market data when computing a
path in the contract graph. It is instructive to examine the market data which is { or could
be made { available to a broker and evaluate how valuable and how costly the use of this data
is.

Each broker is assumed to be connected to one or more Market Data Providers (MDP)
who have access to real-time market data on several exchanges. MDPs will typically provide
everyone subscribed to their information services the following information:

� Full quotes, i.e. complete descriptions of all bids and o�ers posted on all exchanges the
MDP has access to.2 Full quotes will typically be updated with a high frequency in the
MDP's databases, but will be relatively expensive for subscribers to download due to
their size and frequency of updates.

� Spot rates, i.e. current best o�ers for all segments traded on all exchanges. Update
frequency is approximately the same as above, but downloading and processing all spot
rates is much cheaper than full quote data. Today on-line bandwidth traders o�er spot
rates to the general public for free.

� Market prices, i.e. prices of last sales for all segments traded on all exchanges. These may
or may not be disclosed, since they are part of the possibly con�dential information of
a bilateral agreement between the buyer and seller. If available at all, they are updated
with the same frequency as spot rates and cost the same. In today's bandwidth markets

1Judging from today's bandwidth trading and anecdotal estimates, we assume that bandwidth between
only a few city-hubs will be traded in the near future, i.e. the number of vertices in the contract graph will
be low for some time. On the other hand, cities with high supply and demand for bandwidth are chosen �rst
when introducing commodity markets, so the average vertex degree of the graph will be high.

2In a perfectly commoditized and liquid market the only data of interest to traders would be the current
market price for a segment contract, de�ned as the price of the most recent trade. Today's market, however,
is not trading fully standardized contracts, nor is trading very frequent.
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such data is usually not available and arguably not of much value anyway, since the
number of trades is low and the speed of negotiations is is much lower than the speed
of the market.

� Price indices for selected segments. The selection of segments for indexing depends on
multiple criteria, one of them being segment dependencies, explained later in this paper.
Update frequency may approach that of indices in older, established commodity markets
in the future.

5 Using Market Data for Brokerage

The main problem the broker is facing is that although he may have a local copy of the
contract graph structure, all this graph shows is possible paths through the exchanges, i.e.
which segments are being traded, not the prices for contracts on those segments, i.e. the
weights on the graph are generally missing. Once a weighted graph is in place, the extended
Dijkstra algorithm described in [Che] can be applied to �nd quality-constrained least-cost
paths in that graph. In order to show that it is no simple issue to choose the right input data
for the algorithm, we examine the following alternatives.

5.1 Least-Cost Graph

A �rst, simple option is to construct a least-cost graph (LCG) using only spot rates. Spot
rates change at market speed, so the LCG would have to be updated at the same speed. Then
it is a simple matter to �nd the shortest path in the least-cost graph. Although this min-min
approach seems reasonable, it has disadvantages. First of all, it is overly optimistic. The
shortest-path algorithm assumes the broker will be able to buy at the currently best prices
for all segments and estimates the total path cost based on that assumption. In the just-in-
time allocation scenario of Section 2, it is likely that when the customer decides to buy the
path contract, thus leading to a series of bids by the broker in all the involved exchanges,
the resulting price for the path will be higher than the estimate. The broker is committed to
the path contract price and any underestimation of the path's price will directly translate to
an unaccounted cost for the broker. A more subtle caveat is the possibility that the actual
computed path is not actually the cheapest at the time of purchase, since no e�ort was made
to anticipate future prices.

5.2 Highest-Cost Graph

To avoid some of the shortcomings of the �rst approach, we can consider a min-max approach.
Instead of getting the spot rates (i.e. the best o�ers), use the worst (most expensive) o�ers
for all segments to construct a highest-cost graph (HCG). Then �nd the shortest path in
this graph. The bene�t of this approach is that the broker can then present to the customer
a \safer" cost estimate, since the price at time of purchase will be close to the estimate in
the worst case. The path will probably be cheaper than estimated, so the broker will be
well within the committed path contract price. But, what is the probability that the path
will be even more expensive than the estimate? Lower than in the �rst alternative, but still
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present and not taken into account. The HCG approach improves on the broker's reliability
but presents us with a di�erent problem; it is highly susceptible to manipulation. A provider
wishing to keep buyers away from segments where he has not a good market position, or where
extreme competition is shrinking his pro�t margins, publishes overly expensive o�ers at these
exchanges. This will have the e�ect that the HCG-based shortest path algorithm will always
avoid those segments.

5.3 Market-Price Graph

The market price at which a sale was last made is considered to be a good indication of an
asset's value. A graph with market prices as weights should therefore provide a good measure
of path costs. However, earlier in our discussion of market data, it was explained that this
may not be the case in a low-liquidity market and why this data may not be available at all.
Update frequency need not be as high as in the previous cases of this section, since trades will
generally not occur as often as bid and o�er postings.

5.4 Derived-Metric Graph

Since a broker may encounter problems accessing data considered sensitive, and there are
pitfalls in the use of some of the above alternatives, it might be safer to depend on derived
metrics, computed from the available market quotes. Such a simple metric could be the arith-
metic average or median of all o�ered prices for a contract on a particular segment. Derived
metrics can be computed on a daily basis, or at regular intervals during the day. The question,
of course, is which type of derived data is more helpful. The spot rate Askmin or arithmetic av-
erage of o�ers Ask, combined with the relative o�er spread (Askmax�Askmin

Ask
) or relative bid-ask

spread (Askmin�Bidmax
Mid

), where Mid = Askmin+Bidmax

2
, should provide a suÆciently informative

compact view of a segment's price and risk in the short-term. Estimates of future prices and
their respective deviations should be used for mid- and long-term decisions.

6 The Situation Today

Although still at a nascent stage, online spot and forward markets for bandwidth already
in operation today can give an indication of requirements for and the potential of bandwidth
trading in the future. A function of most web sites where bandwidth is currently being traded,
is that of a bulletin board for the advertising of bids and o�ers. However, some are already
operating real-time bandwidth exchanges (including delivery) with participance limited to a
small number of carriers. Two unsolved, interrelated issues, discussed in [Enr99, dPG98],
are contract standardization and market liquidity. Without the standardization (also termed
\commoditization") of some bandwidth contracts, comparing o�ers and bidding rationally
requires extensive technical knowledge of the underlying good and negotiations are slow. Di-
rectly related to this issue is the level of market liquidity, i.e. the frequency of trades.

However illiquid the current market may be, we will proceed to a preliminary study of the
limited amount of real-world market data that is publicly available today. The purpose is
not to produce a coherent study of the market, but rather to acquire a �rst impression of the
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current situation, provide examples for the previous discussion on the use of market data and
identify some real-world issues relevant to brokerage research.

6.1 A Market Snapshot

The data studied in this paper were collected on the 18th of December, 1999, from two well-
known bandwidth trading sites located in San Francisco and London [Rat, BX] and consist of
all available (posted) o�ers on the OTC (over-the-counter) market on that day. We assume
that most, if not all, of these o�ers were posted in 1999, some dating a few months before
the query date. Unfortunately many of them were not dated, so it is not possible to track
the evolution of prices. Instead, we compiled the data into lists of destinations reachable from
some \popular" cities and assumed all posted o�ers to be valid.

To attain comparable prices, we focused our attention to a large subset of the data, called
the focus set in this paper. The set consists of US, European, US to Europe and US to World
{ destinations outside Europe { segments.3 O�ers included in the set reference popular data
transfer standards, namely OC-3/STM-1, DS-3, E1 and T1, which translate to the following
bandwidth \grades" respectively: 155 Mbps, 45Mbps, 2Mbps and 1.5Mbps. We use the term
\grades" instead of \capacities", because the above mentioned standards refer to speci�c
transmission and encoding or framing schemes.4

Most of the posted o�ers specify a minimum contractual term of 1 year. The long duration of
these contracts is a side-e�ect of an illiquid, non-commoditized market. As liquidity increases
and bandwidth on-demand becomes reality, more short-term contracts should appear. The
monthly rates of o�ers which specify a longer term may include loyalty discounts, therefore
these o�ers were excluded from the focus set. Another cause for distortion of prices is the
inclusion of local loop charges, which is not always clearly indicated. This, however, is usually
not the case, so any such distortion does not a�ect our data set signi�cantly. QoS guarantees
are usually not stated explicitly in these o�ers and therefore do not have a distinct, quanti�able
impact on demand. We therefore assume that all o�ers of a particular bandwidth grade have
similar quality characteristics and concentrate on prices for destination pairs.

6.2 General Observations

On the date of the data collection there were 473 o�ers posted on the two websites, to desti-
nations around the world, predominantly in Europe and the United States. Out of these 397
(83.9%) met the criteria to be included in the focus set.

Convergence to a few Standards. Figure 1 provides more detail by showing the percent-
ages of o�ers for each grade in the focus set. We see that DS-3 and OC-3/STM-1 o�ers are
dominating the broadband market and we will therefore limit some of our study to these o�ers

3\Europe to World" segments were not included because of the very small number of posted o�ers of this
category regarding grades in our focus set.

4DS-3 is wireline connectivity with a maximum sustainable bit rate of 44.7 Mbps, OC-3 (SONET) and
STM-1 (SDH) are framing schemes typically for transmission over optical �ber, with a bit rate of 155.52
Mbps, T1 is a US standard for 1.5 Mbps private line circuits, whereas E1 is the European standard for 2Mbps
[Min91].
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later in the paper. Seeing that the market is converging to a just couple of data transport
standards is an encouraging sign for bandwidth commoditization.

30.2%

30.4%

20.1%

3.2%

16.1%

DS-3

OC-3/STM-1

E1

T1

Various

Figure 1: Relative volume of DS-3, OC-3/STM-1, E1 and T1 o�ers of the focus set, posted online. \Various" stands

for all other posted o�ers not belonging to the focus set.

US and European Activity. Figure 2 shows the relative volume of o�ers in the focus
set for each geographical region. It is interesting to observe that the number of bandwidth
o�ers in Europe is as high as in the US. Relaxing our interpretation of the data, we could say
that market activity levels are comparable in the two regions. Since the European and US
markets dominate the world of bandwidth trading, it is to be expected that a signi�cant part
of inter-continental segments are those crossing the Atlantic.

30.2%

31.0%

24.2%

14.6%

Europe

US

US-Europe

US-World

Figure 2: Relative volume of o�ers of the focus set for each of the geographical regions of city-pair locations in the

set.
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Local and Global Trading. Figure 3 shows the actual numbers of o�ers in the focus
set, grouped per grade and location. The most notable di�erence between US-internal and
European quotes is the clear dominance of DS-3 bandwidth in the US, whereas OC-3/STM-1
and E1 are most common in Europe. In other words, although the numbers of o�ers in the
two regions are comparable, there are more high capacity o�ers in the US. It is also interesting
to note that DS-3 is not as popular for transatlantic segments, where the norm seems to be
OC-3/STM-1 (more of a wholesale market).

Although we've identi�ed a standards convergence trend, regional standards may continue
to exist in the future, in which case we could face the de�nition of di�erent bandwidth com-
modity contracts for the two sides of the Atlantic. Should this be the case, then the scope
of bandwidth brokerage could be limited to distinct regions, unless path trading methodolo-
gies and algorithms can cope with multiple standards (assuming a global bandwidth delivery
infrastructure which will not pose technical compatibility constraints).
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Figure 3: Number of o�ers per bandwidth grade and city-pair location for the focus set.

6.3 On Prices, Graphs and Risk

In the following lines we will attempt to identify opportunities, pitfalls and research issues
regarding bandwidth brokerage, by examining price quotes for particular segments.

6.3.1 Large Ask Spreads

Figure 4 shows the prices of all DS-3 o�ers regarding segments between New York or Washing-
ton DC (grouped as \NY/WDC") and US destinations, where only segments with at least two
posted o�ers are considered.5 Figure 5 o�ers the same picture for Los Angeles and San Diego
(grouped as \LA/SD").6 When considering the total set of o�ers for a particular segment, we

5Lower prices generally correspond to more recent o�ers, due to the strong downward pressure on prices in
the bandwith market.

6State names indicate the grouping of o�ers to several destinations in a state.
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observe in some cases large deviations from the average, in the order of a few thousand dollars
per month. This simply means that in cases where a trader wishes to buy more than one
contract on a segment, he should clearly not take only the price of the best o�er into account.
This also holds for trading a single contract, because in the case where a buyer misses the best
o�er, acquiring the second best may incur a substantial additional cost. These spreads are
a sign of illiquidity and incomplete commoditization. In a liquid commodity market trading
non-di�erentiable standard contracts competition would force asks to concentrate much closer
to the market price.
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Figure 4: DS-3 prices from New York and Washington DC to the rest of the US.
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Figure 5: DS-3 prices from Los Angeles and San Diego to US destinations.
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It is clear then that besides the long-term risk of investment in a commodity, due to changes
in supply and demand, there is considerable short-term risk in bandwidth trading, due to low
liquidity and the lack of fully commoditized contracts. Risk becomes even more important in
path trading, because the selection of a path in the contract graph depends on the prices of
multiple segment contracts, each having a degree of uncertainty associated with it. To quantify
short-term risk in the most simple manner, we measure the ask spread of each segment, as
de�ned in section 5.

By combining Figures 4 and 5, one can attempt to identify arbitrage opportunities for the
NY/WDC-LA/SD pair. However, pure arbitrage (i.e. no risk) is rare and indeed including
risk in the decision process is very valuable, as the following example clearly illustrates. When
examining only the best o�ers for each segment, it appears to be slightly more expensive to
buy a path through Denver ($31,900) in place of a direct New York to LA o�er ($30,200).
Surprisingly though, the average price for a path through Denver is $34989, $1036 lower than
the average direct NY-LA price. On top of that, NY-Denver-LA path price quotes have a
much lower spread. Consequently, in cases where more than one contract are needed or in the
just-in-time allocation scenario, or when it is not certain that the best o�er is valid and will
be delivered, the path NY-Denver-LA may be preferable and in any case should be taken into
account.

Returning to the discussion of contract graph options, in Section 5, the existence of short-
term risk re
ected in large ask spreads renders the highest-cost graph useless (unreliable) and
favors the derived-metric and least-cost graphs (or a combination thereof). In the future, when
bandwidth commodity markets mature, market-price graphs will be more useful, enhanced
with mid- and long-term forecasts and risk measures.

6.3.2 Segment Dependencies

Figure 6 combines STM-1/OC-3 o�ers from London and New York to European destinations
in the same plot. Country names are used when prices for several destinations in a country
are grouped together.7 By observing the average prices from London and New York to all
destinations on Figure 6, it becomes clear that there is a dependency. In particular, those
destinations which are relatively expensive (cheap) to reach from London, are also expensive
(cheap) to reach from New York. This is no surprise, since many transatlantic connections are
set up through London and therefore NY-London is a hidden component of many NY-Europe
o�ers. The topology of underlying networks is therefore important for understanding the
commodity market, inasmuch as it causes stochastical dependencies among certain segments.

Such dependencies point out the value of the creation of bandwidth price indices for those
segments which underlie many o�ers (in this case NY-London), since changes in the prices of
these segments will have a large overall impact on the market.

The existence of dependencies does not in any way preclude the possibility of geographical
arbitrage on stochastically dependent segments. As an example, if we take just the average
prices of Figure 6 and compare them we see that a buyer interested in NY-Europe segments
can get as much as 4% ($8,900 for NY-DK/SE), in the average, o� the monthly rate when
including NY-London-Europe paths in the selection.

7The two-letter country codes used in Figure 6 correspond to internet national domain abbreviations (ISO
3166).
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Figure 6: STM-1/OC-3 prices from New York and London to European destinations.

7 Conclusions

It was shown that in today's illiquid and only partially commoditized bandwidth market
a bandwidth broker is facing considerable risk, especially when trading composite \path"
contracts. This was supported with real-world examples. Conditions for the management
of risk are the formulation of uncertainty concerning prices and contract availability and the
inclusion of risk measures in the decision-making process and supporting tools of the broker.
In particular, a broker's trading algorithms should not rely just on spot rates, but rather
make use of statistical metrics, even in the short-term. The observation and interpretation of
large spreads in a segment's price quotes and stochastical dependencies among segments are
helpful in modelling the bandwidth commodity market. As a side-remark, it seems traders
may need to deal with the existence of regional capacity standards in the future, although
a couple of global standards should eventually prevail. Clearly more research is needed in
the �eld of bandwidth brokerage, to understand the workings of a new market and support
rational trading decisions which will hopefully lead to eÆcient allocation of communication
resources between network domains.
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