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(57) ABSTRACT 

A computer system, method, and program product for 
dynamically allocating storage bandwidth in an exchange is 
provided. The method provided creates, by an exchange 
server, a total inventory of resources for auction, whereby the 
total inventory of resources for auction includes resources 
from at least one provider. The total inventory of resources for 
auction is broadcast to at least one bidder. The amount of a 
resource is awarded to the at least one bidder at an end of a 
bidding interval, based on a bid provided by the at least one 
bidder during the bidding interval, where the amount of the 
resource is a portion of the total inventory of resources for 
auction. 
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DYNAMIC STORAGE BANDWDTH 
ALLOCATION 

FIELD OF THE INVENTION 

0001. This disclosure relates generally to data storage 
management, and more particularly to dynamically allocat 
ing data storage bandwidth. 

BACKGROUND 

0002. In modern storage networks, a single storage device 
or single storage Subsystem is commonly attached to multiple 
computer hosts. In this context, a storage Subsystem is an 
integrated collection of storage controllers, devices such as 
disks and tapes, and any required control software. A storage 
network includes storage Subsystems that share a high-speed 
network connection to deliver data transfer and storage ser 
vices to computer hosts. Storage devices typically have con 
straints, also referred to as choke points that limit their per 
formance, both in terms of total number of Input/Output (I/O) 
commands and in I/O bandwidth transferred. For example, a 
single storage network, Such as a Storage Area Network 
(SAN), may have limitations on the number of concurrent I/O 
commands at the overall storage unit level. Additional and 
separate limitations exist at the Host Bus Adapter (HBA) port 
(i.e., storage Subsystem connection point to the host), at the 
internal disk drive controller, and finally at the internal physi 
cal disk drives themselves. Rather than representing an aggre 
gate for all the components of the storage Subsystem, each of 
the limitations is specific to the particular element of the 
storage Subsystem. In order to develop a statistically accurate 
performance profile for a computer or storage Subsystem, a 
systems administrator gathers performance data over an 
extended period of time. However, as this is a time consuming 
process, the systems administrator may manually calculate 
appropriate values for I/O tuning parameters for each host 
using a limited amount of performance data gathered at a 
static point-in-time. Consequently, tuning parameters calcu 
lated in this manner typically lack the complexity to accom 
modate the performance needs of each of the workloads run 
ning on the computer system. Additionally, adding or 
removing a computer host from the storage Subsystem envi 
ronment dynamically changes the demands on the storage 
device, highlighting the inadequacy of static tunings on the 
computer hosts to respond efficiently. Therefore, perfor 
mance tuning using simple, static tunings fails to achieve 
optimum utilization of the storage Subsystem. Capacity 
within a storage network may be apportioned more effec 
tively when a mechanism exists to coordinate the available 
storage capacity with the I/O requirements of the host com 
puters. 

SUMMARY 

0003. According to one embodiment, a method for 
dynamically allocating storage bandwidth in an exchange 
comprises: creating, by an exchange server, a total inventory 
of resources for auction, whereby the total inventory of 
resources for auction comprises resources from at least one 
provider; broadcasting the total inventory of resources for 
auction to at least one bidder, and awarding an amount of a 
resource to the at least one bidder at an end of a bidding 
interval, based on a bid provided by the at least one bidder 
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during the bidding interval, whereby the amount of the 
resource is a portion of the total inventory of resources for 
auction. 
0004. According to another embodiment, a computer pro 
gram product for dynamically allocating storage bandwidth 
in an exchange comprises: a computer readable storage 
medium readable by a processing circuit and storing instruc 
tions for execution by the processing circuit for performing a 
method comprising: creating, by an exchange server, a total 
inventory of resources for auction, whereby the total inven 
tory of resources for auction comprises resources from at 
least one provider, broadcasting the total inventory of 
resources for auction to at least one bidder; and awarding an 
amount of a resource to the at least one bidder at an end of a 
bidding interval, based on a bid provided by the at least one 
bidder during the bidding interval, whereby the amount of the 
resource is a portion of the total inventory of resources for 
auction. 
0005 According to another embodiment, a computer sys 
tem for dynamically allocating storage bandwidth in an 
exchange comprises a memory, a processing unit communi 
catively coupled to the memory, and a management module 
communicatively coupled to the memory and processing unit, 
whereby the management module is configured to perform 
the steps of a method comprising: creating, by an exchange 
server, a total inventory of resources for auction, whereby the 
total inventory of resources for auction comprises resources 
from at least one provider; broadcasting the total inventory of 
resources for auction to at least one bidder; and awarding an 
amount of a resource to the at least one bidder at an end of a 
bidding interval, based on a bid provided by the at least one 
bidder during the bidding interval, whereby the amount of the 
resource is a portion of the total inventory of resources for 
auction. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

0006 For a more complete understanding of this disclo 
sure, reference is now made to the following brief description, 
taken in conjunction with the accompanying drawings and 
detailed description, wherein like reference numerals repre 
sent like parts. 
0007 FIG. 1A illustrates an exemplary computing node 
operable for various embodiments of the disclosure. 
0008 FIG. 1B illustrates a bid and exchange environment 
according to various embodiments of the disclosure. 
0009 FIG. 2 is an operational flowchart illustrating an 
algorithm for dynamically allocating data storage bandwidth, 
according to various embodiments of the disclosure. 
0010 FIG. 3 is an operational flowchart illustrating an 
algorithm for usage intervals, according to various embodi 
ments of the disclosure. 

0011 FIG. 4 is a schematic block diagram of hardware and 
Software of the computer environment according to an 
embodiment of the processes of FIGS. 2 and 3. 

DETAILED DESCRIPTION 

0012. Although an illustrative implementation of one or 
more embodiments is provided below, the disclosed systems 
and/or methods may be implemented using any number of 
techniques. This disclosure should in no way be limited to the 
illustrative implementations, drawings, and techniques illus 
trated below, including the exemplary designs and implemen 



US 2016/0086270 A1 

tations illustrated and described herein, but may be modified 
within the scope of the appended claims along with their full 
Scope of equivalents. 
0013 The present disclosure relates generally to the field 
of data storage management, and more particularly to 
dynamically allocating data storage bandwidth. The follow 
ing described exemplary embodiments provide a system, 
method and program product to provide a mechanism for the 
various hosts in a storage network configuration to coordinate 
their requirements about their I/O demands to a storage sys 
tem, thereby allowing the storage network to apportion 
capacity more effectively among the hosts. 
0014. As will be appreciated by one skilled in the art, 
aspects of the present disclosure may be embodied as a sys 
tem, method or computer program product. Accordingly, 
aspects of the present disclosure may take the form of an 
entirely hardware embodiment, an entirely software embodi 
ment (including firmware, resident Software, micro-code, 
etc.) or an embodiment combining software and hardware 
aspects that may all generally be referred to herein as a “cir 
cuit”, “module', or “system’. Furthermore, aspects of the 
present invention may take the form of a computer program 
product embodied in one or more computer readable medium 
(s) having computer readable program code embodied 
thereon. 
00.15 Aspects of the present disclosure are described 
below with reference to flowchart illustrations and/or block 
diagrams of methods, apparatus, (systems), and computer 
program products according to embodiments of the inven 
tion. It will be understood that each block of the flowchart 
illustrations and/or block diagrams, and combinations of 
blocks in the flowchart illustrations and/or block diagrams, 
can be implemented by computer program instructions. 
0016 Turning now to FIG. 1A, a block diagram of an 
exemplary computer system/server (server) 12 operable for 
various embodiments of the disclosure is presented. As 
shown, the server 12 is only one example of a suitable server 
for executing the program instructions of an exchange server, 
or for interacting with the exchange server as a bidder server, 
and is not intended to Suggest any limitation as to the scope of 
use or functionality of embodiments of the disclosure 
described herein. Regardless, the server 12 is capable of being 
implemented and/or performing any of the functionality of an 
exchange server or a bidder server. 
0017. When configured as either an exchange server or as 
a bidder server, the server 12 is operational in numerous other 
computing system environments or configurations. For 
example, the server 12 may be a standalone machine, a virtual 
partition on physical host, a clustered server environment, or 
a distributed cloud computing environment that include any 
of the above systems or devices, and the like. When practiced 
in a distributed cloud computing environment, tasks may be 
performed by servers 12 in both local and remote computer 
systems that are linked together and communicate through a 
communications network, such as the network 99. 
0018. The server 12 may be described in the context of 
executable instructions, such as a program 40 and one or more 
program modules 42, being executed by the processing unit 
of a computer system. Program modules 42 perform particu 
lar tasks or implement particular data types, and may be 
organized as routines, programs, objects, components, logic, 
or data structures, for example. As will be further depicted 
and described below, the memory 28 may include at least one 
program product having a set (e.g., at least one) of program 
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modules that are configured to carry out the specialized func 
tions of embodiments of the disclosure. For example, a server 
12 configured as an exchange server includes a program 40, 
i.e., an agent, having program modules 42 that execute the 
algorithms of FIGS. 2 and 3. The functions of the program 40, 
include periodically polling subscriber members of the 
exchange environment forbids and available resources; sort 
ing and tabulating bids and available resources; determining 
and awarding resources to winning bidders; and calculating 
and managing accounts of the bidders. When configured to 
perform the functions of an exchange server, the program 40 
may be an agent on the server 12. For a server 12 configured 
as a bidder server, the program 40, i.e., agent, includes pro 
gram modules 42 having program instructions to respond to 
polling requests from the exchange server, analyze the 
resource requirements; create and transmit a bidding sched 
ule to the exchange server, based on the required resources 
and the available number of units forbidding; and applying 
rules or statistics to calculate a re-bid. The provider 112 
includes an embodiment of the server 12, which may also be 
referred to as a controller or control unit. When configured as 
a controller, the server 12, includes an agent, i.e., the program 
40, for managing the operations of the provider 112, Such as: 
receiving and responding to storage requests, maintaining an 
inventory of resources; and communicating with the 
exchange server. In a distributed cloud computing environ 
ment, the program 40 and the program modules 42 may be 
located in local and remote computer system storage media 
including memory storage devices. 
0019. As shown in FIG. 1A, the components of the server 
12 may include, but are not limited to, one or more processors 
or processing units 16, a system memory 28, and a bus 18that 
couples various system components, such as the system 
memory 28, to processor 16. 
0020 System memory 28 can include computer system 
readable media in the form of Volatile memory, Such as ran 
domaccess memory (RAM)30 and/or cache memory 32. The 
server 12 may further include other removable/non-remov 
able, Volatile/non-volatile computer system storage media. 
0021. By way of example only, a storage system 34 can be 
provided as one or more devices for reading from and writing 
to a non-removable, non-volatile magnetic media, Such as a 
hard disk drive (HDD) or an optical disk drive such as a 
CD-ROM, DVD-ROM. Each device of the storage system 34 
can be connected to bus 18 by one or more data media inter 
faces. The program modules 42, the operating system, and 
one or more application programs may be stored on the Stor 
age system 34 and Subsequently loaded into memory 28 for 
execution, as needed. 
0022. The server 12 may also communicate with one or 
more external devices 14 Such as a keyboard, a pointing 
device, a display 24, etc.; one or more devices that enable a 
user to interact with the server 12; and/or any devices (e.g., 
network card, modem, etc.) that enable the server 12 to com 
municate with one or more other computing devices. Such 
communication can occur via Input/Output (I/O) interfaces 
22. Still, the server 12 can communicate with one or more 
networks such as a local area network (LAN), a general wide 
area network (WAN), and/or a public network (e.g., the Inter 
net) via a network adapter 20. As depicted, the network 
adapter 20 communicates with the other components of the 
system/server 12 via bus 18. For a server 12 that is configured 
as a bidder server, an external storage Subsystem 15. Such as 
a storage area network (SAN) or RAID array, is connected to 
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the server 12 by an external storage adapter 26. Exemplary 
external storage adapters 26 include, but are not limited to, a 
hostbus adapter (HBA), host channel adapter (HCA), SCSI, 
and iSCSI, depending upon the architectural implementation. 
The external storage adapter 26 communicates with the pro 
cessing unit 16 and memory 28 of the server 12 over bus 18. 
0023. It should be understood that although not shown, 
other hardware and/or software components could be used in 
conjunction with the server 12. Examples include, but are not 
limited to: microcode, device drivers, redundant processing 
units, external disk drive arrays, RAID systems, tape drives, 
and data archival storage systems, etc. 
0024. As shown, FIG. 1B illustrates an exemplary bid and 
exchange environment according to various embodiments of 
the disclosure. The providers 112 supply constrained 
resources, such as access to disk storage, or a percentage of 
I/O bandwidth on the network 113 between a provider 112 
and a bidder server 12b. Exemplary providers 112 include 
SAN, RAID arrays, magnetic tape libraries, and optical disk 
libraries. A server 12 of FIG. 1A is shown as a dedicated 
exchange server 12a, as one or more bidder servers 12b, and 
as the controller component of each of the providers 112. 
0025. The bidder servers 12b are consumers of the 
resources from the providers 112. For example, a bidder 
server 12b may be a computer system that hosts a database 
and/or an application, and that issues I/O requests to be pro 
cessed using a provider's 112 disk storage. The exchange 
server 12a is a logical coordinator of requests and responses 
from bidder servers 12b and the providers 112. As such, the 
exchange server 12a is logically connected to each bidder 
server 12b and provider 112 through a network 114, over 
which the participants in the exchange environment commu 
nicate. The bidder servers 12b are connected by a network 
113 to the providers 112. In operation, a bidder server 12b 
may be connected to the one or more providers 112 from 
which the bidder server 12b receives resources. However, in a 
high-availability implementation, redundant network con 
nections provide alternate paths between the bidder servers 
12b and providers 112, even when a particular bidder server 
12b is not interested in bidding for resources from that par 
ticular provider 112. Further, as shown by disk 110, some 
storage may be attached to a bidder server 12b, yet not par 
ticipate in the exchange environment. Although shown as 
generic disk storage, the disk 110 may also be a SAN, RAID 
array, tape library, etc. Each bidder server 12b and provider 
112 that participates in the exchange environment communi 
cates with the exchange server 12a So that the exchange server 
12a may coordinate the bids and resources in the exchange 
environment. Because they are connected through the net 
works 113 and 114, the participants in the exchange environ 
ment may be co-located or geographically dispersed. 
0026. As will be described in greater detail with reference 
to FIG. 2, the participants in the exchange environment inter 
act as follows. A provider 112 sends information to the 
exchange server 12a about the types of resources it can pro 
vide, along with any constraints. For example, a SAN Sub 
system may notify the exchange server 12a that it can Support 
a maximum queue depth of “40. Queue depth refers to the 
number of I/O operations queued to a disk drive. Other 
resources include: the maximum data transfer sizes the Stor 
age device supports, for example "256 KB or “1” MB; a 
RAID level, such as RAID “0” or RAID “1”, which specifies 
data redundancy; and a maximum number of requests that can 
be outstanding on a disk adapter. Each participating bidder 
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server 12b sends its request for resources to the exchange 
server 12a, along with its bid, expressed as the number of 
required and cost units. For example, a bidder server 12b 
requests "20 queue depth slots on a particular disk provider, 
for which it bids “10 cost units each. The exchange server 
12a receives this bidder server's request, along with those 
from other bidder servers that participate in the exchange. 
Other bidder servers 12b may also be bidding for this provid 
er's 112 queue depth slots. Consequently, the original bidder 
server 12b may either lose to one of them or may be successful 
in its bid, depending upon the results of the exchange server's 
12a calculations. Additionally, bids may be partially Success 
ful. The bidder server 12b may be awarded “12 of its “20” 
requested queue depth slots at its bid price of “10 cost units 
per slot. 
0027 FIG. 2 describes an exemplary embodiment of a 
process for dynamically allocating data storage bandwidth 
from the exchange server's 12a point of view. References to 
the exchange server 12a, the bidder server 12b, the provider 
112, and the networks 113 and 114 as used in relation to FIG. 
2, refer to the elements as described above with reference to 
FIG. 1B. 

0028. While the embodiments of the invention are 
described with reference to the queue depth parameter as used 
in SAN, RAID arrays, and similar storage technologies, other 
applications may be contemplated. This includes, for 
example, a dedicated percentage of the bandwidth of the 
connection between the bidder server 12b and the provider 
112, which is typically expressed in gigabytes per second. In 
another embodiment, the present disclosure may be extended 
to include the Network File System (NFS). NFS is a network 
based distributed file system protocol, which allows a server 
to share directories and files with clients over a network. With 
NFS, users and programs may access files on remote systems 
as if they were stored locally. In this context, a bid may 
specify a number of threads, or file requests, for example 
“100 file requests to the NFS server, instead of “100 disk 
I/O requests. 
0029. At 200, the exchange server 12a learns the 
resources, i.e., capabilities, of the providers 112 participating 
in the exchange. Through software agents installed on the 
provider 112 and the exchange server 12a and communicat 
ing over the network 114, the provider 112 notifies the 
exchange server 12a that it has certain resources to offer. 
These resources describe the configured functionality of the 
storage Subsystem, Such as: queue depth; a degree of data 
redundancy, i.e., RAID n; the size of disks available; whether 
encryption is configured for the disks; the storage type, i.e., 
fixed block or count key data; and the estimated optimal block 
transfer size, for example, “8” KB or “16” KB. 
0030 Similarly, a specialized software agent is installed 
on each bidder server 12b participating in the exchange envi 
ronment. The agent notifies the exchange server 12a that a 
new bidder server 12b is joining the exchange environment, 
for example. The agent also sends the bidder server's 12b 
bids, also referred to as a bid schedule, to the exchange server 
12a, and maintains a count of the total number of cost units 
the bidder server 12b has available forbidding. Upon joining 
the exchange environment, the agent may optionally send the 
total number of units available for bidding to the exchange 
server 12a. The exchange server 12a may use this total num 
ber of units available for bidding to associate each bidder 
server 12b with an account on the exchange server 12a. The 
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account may include the total number of units available for 
bidding and an account identifier that is associated with the 
bidder server 12b. 
0031 When the resources of a provider 112 change, for 
example upon allocation of I/O queue depth slots to a bidder 
server 12b, or the addition of more disk capacity, the provider 
112 notifies the exchange server 12a of the change. Upon 
receiving the notification, the exchange server 12a updates its 
inventory of resources for the provider 112. As may well be 
appreciated, the inventory of resources and the account data 
may be organized in various well-known formats. Such as a 
database, file, array, linked list, or table. 
0032. At 205, a new bidding interval begins. The bidding 
interval is a configurable time period, for example two min 
utes, during which the bidder servers 12b contact the 
exchange server 12a with their resource requirements and 
associated bid schedules. The bidding interval may be tunable 
for optimum performance in the exchange environment. 
0033. At 210, as a new bidding interval begins, the 
exchange server 12a consolidates the resources that the par 
ticipating providers 112 have available to offer, and broad 
casts this information to the participating bidder servers 12b. 
Subsequently, the bidder servers 12b, described below with 
reference to FIG. 3, bid for preferential access to the 
SOUCS. 

0034. At 215, the exchange server 12a receives and evalu 
ates the bid schedules, i.e., bids, from the bidder servers 12b. 
In one embodiment, the exchange server 12a may evaluate 
each bid as it is received during the open bidding interval. 
Alternatively, the exchange server 12a may collect all the 
bids, Sorting them, for example, by provider 112, resource, 
the bidder servers 12b seeking the resource, and their respec 
tive bid amounts. 
0035) If at 220 a particular bid is not the highest for a 
particular resource, at 230 the bid is rejected and discarded. If 
at 235 the bidding interval has not expired, the next bid is 
received and evaluated at 215. 

0036) However, if at 220 the current (received) bid is the 
highest, at 225 the previous high-bidder is notified that its bid 
is not successful, and it is replaced by the current bid. The 
current high-bid may be the winning bid, at 227, unless a 
higher bid is recognized by the exchange server 12a during 
the bidding interval. 
0037. When at 235 the bidding interval expires, at 240 the 
exchange server 12a notifies the winning bidder servers 12b. 
At 245 the exchange server 12a collects the costs of the 
winning bids from each successful bidder server 12b. If the 
exchange server 12a optionally maintains bidding accounts 
for each bidder server 12b in the exchange environment, the 
exchange server 12a may debit the accounts of the winning 
bidder servers 12b for the total number of cost units spent on 
the winning bids, and notify the winning bidder servers 12b of 
their new updated balances. The agents on the winning bidder 
servers 12b update their account units accordingly. In this 
embodiment, the exchange server 12a may immediate disre 
gard the bids of bidder servers 12b whose balance is less than 
its bid. Alternatively, the exchange server 12a may notify the 
winning bidder servers 12b to deduct the total number of cost 
units from their respective local accounts. Alternatively, the 
exchange server may periodically notify a central accounting 
authority, Such as a central chargeback system within the 
enterprise, to debit the accounts of the winning bidder servers 
12b for the winning total number of cost units. A central 
chargeback system, also referred to as a computer or Infor 
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mation Technology (IT) chargeback system, is an accounting 
strategy that apportions the costs of computing services, 
including hardware and software, to the business units that 
consume the computing services. Reports from the central 
chargeback system identify a distribution of heavy, moderate, 
and light consumers of the computing services. The charge 
back system may apportion units forbidding among the Sub 
scribers of the exchange environment according to the Sub 
scriber's level of usage. Periodically, for example monthly, 
the number of cost units spent in the exchange environment 
may be converted to actual cost figures, which then may be 
charged to operating budgets of the various Subscribers. 
0038. At 250, the exchange server 12a refreshes the capa 

bilities, i.e., resources offered for bid, prior to beginning a 
new bidding interval at 205. In processing similar to that at 
200, the agent on each provider 112 evaluates and updates the 
providers inventory of resources. These may include: new 
resources added to the provider 112 since the last bidding 
interval; resources recently returned by bidder servers 12b, 
and resources allocated to winning bidder servers 12b during 
the previous bidding interval. 
0039 FIG. 3 describes an exemplary embodiment of an 
algorithm for dynamically allocating data storage bandwidth 
from the bidder server's 12b point of view. It should be noted 
that the algorithm described above with reference to FIG. 2 
may execute simultaneously with the execution of the algo 
rithm of FIG. 3. However, the bidding and usage intervals 
may be of different durations and may overlap, thereby allow 
ing adequate time for notifying the winning bidder servers 
12b between the end of the bidding interval and the beginning 
of the usage interval. References to the exchange server 12a, 
the bidder server 12b, the provider 112, and the networks 113 
and 114 as used in relation to FIG. 3, refer to the elements as 
described above with reference to FIG. 1B. 
0040. At 300, the bidder server 12b determines its I/O 
requirements for the bidding interval. A system administrator 
creates an initial bidding schedule for a bidder server 12b 
based on developing the I/O profile of the workloads on the 
server. The agent applies rules, which the system administra 
tor configures, to automate Submission of Subsequent bids. 
Typically, a computer's system administrator monitors per 
formance through a number of well-known utilities. Perfor 
mance data may be analyzed by user, application, or for the 
entire bidder server 12b, depending upon the granularity of 
data required to develop an effective bidding schedule. For 
example, on a bidder server 12b hosting a workload that 
includes several users and applications, the system adminis 
trator may gather and analyze performance data on a server 
wide basis, or only for each user and application to be 
included in the bidding schedule. 
0041 At 305, a user, such as the system administrator, 
creates the bidder server's 12b bidding schedule that includes 
one or more bids that are based on the results of analyzing the 
performance data. A bid includes an identifier to associate the 
bid with the bidder, for example the application, a resource, 
Such as a number of slots on a SAN's queue, i.e., queue depth, 
a source of the resource, such as the logical name of a disk, 
i.e., disk1, and a number of cost units bid per required unit of 
resource. The following is an exemplary bid within a bidding 
schedule: 

resource queue depth, source disk1, bid amount 1 
10:25, 11-20:15, 21+:0 

0042. This bid represents a request for queue depth, i.e., 
slots in the queue, from the provider 112 that manages disk1. 
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The bidder is willing to pay “25 units for each of the first 
“10 slots in the queue (i.e., 1-10:25), an additional “15”units 
for each of the next “10 slots in the queue, but nothing for any 
additional slots allocated over '20' (i.e., 21+:0). In this 
example, a specific disk resource is requested, since the bid 
der server 12b is accessing an existing file. However, in 
another embodiment, a blank Source field may indicate that 
the bidder server 12b is requesting disk space in which to 
create a new file. In that case, additional parameters may 
accompany the bid to identify, for example, the size of the 
disk required, or a degree of redundancy (i.e., RAID n). 
0043. The system administrator may configure bidding 
ranges, or other constraints that the agent on the bidder server 
12b may include when performing analytics and automating 
the bid process during the Subsequent bidding intervals. An 
exemplary constraint may be to bid no more than a certain 
number of cost units. Alternatively, if less than a certain 
percentage of the awarded resource is used, such as “80” 
percent, in the next bid, the agent should decrease the amount 
of resource requested. Since the exchange server 12a has an 
inventory of the capabilities of the providers 112, the 
exchange server 12a may select the appropriate resource, if 
the bidder server 12b wins the bid. The examples and algo 
rithms are presented using the queue depth resource, since it 
is an easily understood I/O storage constraint. While the 
embodiments of the invention are described with reference to 
SAN, RAID arrays, and similar storage technologies, other 
applications may be contemplated. This includes, for 
example, a dedicated percentage of the bandwidth of the 
connection between the bidder server 12b and the provider 
112, which is typically expressed in gigabytes per second. In 
another embodiment, the disclosed framework may be 
extended to include Network File System (NFS), as described 
previously with reference to FIG. 2. 
0044. At 310, each participating bidder server 12b creates 
a bidding schedule that includes each bid for each requested 
resource, and sends the bidding schedule to the exchange 
server 12a. Several well-known means are available to com 
municate the bidding schedule to the exchange server 12a. 
For example, the bidding schedule may be an array or linked 
list in a memory location that is accessible by the participants 
in the exchange. Alternatively, the bidding schedule may be a 
file or table that is written to a disk commonly accessible by 
all participants in the exchange. In another embodiment, the 
participants in the exchange may also participate in a message 
queuing system. Message queuing allows the distributed 
agents to communicate asynchronously by sending messages 
between the agents. The messages from the sending agents 
are stored in a queue and are retrieved by the receiving agents. 
The agents send or receive messages through a queue by 
sending a request to the message queuing System. 
0045. Following the calculation of winning and losing 
bids at 215 (FIG. 2), the exchange server 12a communicates 
the outcome to each bidder server 12b. At 315, if the bidder 
server 12b has lost a bid, at 325 the agent on the bidder server 
12b determines whether to rebid, or to wait until the next 
bidding interval, at 330. As described previously with refer 
ence to 305 of FIG.3, the agent on the bidder server 12b may 
apply one or more bidding rules, such as a maximum number 
of cost units that the agent can bid for each unit of a resource. 
Alternatively, the agent may create a log of the history of its 
bidding activity. The agent may apply statistical analytics to 
its bidding history, as containing in the log, to determine a 
modified next bid. For example, if the losing bids are consis 
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tently within a statistical distribution, the agent may increase 
its bids by a rule-defined percentage. Such as one percent, and 
continue to monitor the success rate of its bids for possible 
further modification. 
0046. However, at 315 if the bidder server 12b has a suc 
cessful bid outcome, at 320 the exchange server 12a notifies 
the bidder server 12b of the award, including the resource that 
was bid upon, the source of the resource, and the amount of 
the resource awarded. The following shows the exemplary 
bid, described previously with reference to 310 of FIG.3, and 
an example of a winning award: 

resource queue depth, source disk1, bid amount 1 
10:25, 11-20:15, 21+:0 

resource queue depth, source disk1, awarded 13, 
cost=295 

0047. Here, the bidder server 12b is awarded “13 I/O 
requests on disk 1. The first “10” I/O requests cost “250” units, 
calculated as “10 I/O requests at 25' cost units each, and the 
next “3” I/O requests cost “45' units, calculated as “3” I/O 
requests at “15” cost units each, giving a total cost of “295” 
units. The bidder server 12b restricts its usage of the resource 
to the amount awarded as a result of its winning bid. 
0048. The exchange server 12a attempts to maximize the 
total cost units it receives for the resources of the providers 
112. Therefore, the highest bidder generally wins. As another 
example, a provider 112 has “2000' simultaneous I/O 
requests to sell to two bidder servers 12b. If each bidder server 
12b bids one unit each for "500" I/O requests, then both 
bidder servers 12b receive an award of "500" I/O requests. In 
another example, the first bidder server 12b bids one unit each 
for “500' I/O requests, and “0.10 of a unit each for I/O 
request in excess of '500'. The second bidder server 12b bids 
two units for each of the first “1750” I/O requests, then “0.10 
for each I/O request over “ 1750. To maximize the total cost 
units received for the provider's 112 resources, the second 
bidder server 12b is awarded “1750” I/O requests out of the 
total “2000' I/O requests that are available at a total cost of 
“3500 units, and the first bidder server 12b is awarded the 
remaining "250" I/O requests at a total cost of “250' units. 
0049. As discussed previously with reference to 235 of 
FIG. 2, at 335 the amount of the winning bid is deducted from 
the total number of units allocated to the bidder server 12b for 
bidding, without regard to the resources actually consumed. 
If the bidder server 12b is awarded “13 I/O requests, as in the 
above example, the cost of the award is based on the full 
“295” I/O requests, even though only “5” I/O requests are 
actually consumed. This encourages the generation of more 
accurate bidding schedules, since an unused portion of the 
awarded bid not only wastes a bidder's IT budget, but also 
misallocates scarce computing resources. 
0050. At 340, the bidder server 12b consumes the 
resources won during the bidding interval. The agent on the 
bidder server 12b may log its bidding activity, including the 
bids placed and the resources awarded. Through analysis of 
the bidding activity, the agent may adjust its bids based on, for 
example, how frequently the bidder server 12b fails to con 
Sume its awards, how frequently it loses bids, and a change in 
I/O performance profile. 
0051 Referring now to FIG.4, computing device 400 may 
include respective sets of internal components 800 and exter 
nal components 900 that together may provide an environ 
ment for a software application, Such as the bid and exchange 
agents. Each of the sets of internal components 800 includes 
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one or more processors 820; one or more computer-readable 
RAMs 822; one or more computer-readable ROMs 824 on 
one or more buses 826; one or more operating systems 828: 
one or more Software applications (e.g., bid, exchange, pro 
vider agents 829) executing the method 200-300; and one or 
more computer-readable tangible storage devices 830. The 
one or more operating systems 828 and bid, exchange and 
provider agents 829 are stored on one or more of the respec 
tive computer-readable tangible storage devices 830 for 
execution by one or more of the respective processors 820 via 
one or more of the respective RAMs 822 (which typically 
include cache memory). In the embodiment illustrated in 
FIG. 4, each of the computer-readable tangible storage 
devices 830 is a magnetic disk storage device of an internal 
hard drive. Alternatively, each of the computer-readable tan 
gible storage devices 830 is a semiconductor storage device 
such as ROM 824, EPROM, flash memory or any other com 
puter-readable tangible storage device that can store a com 
puter program and digital information. 
0052 Each set of internal components 800 also includes a 
R/W drive or interface 832 to read from and write to one or 
more computer-readable tangible storage devices 936 such as 
a CD-ROM, DVD, SSD, memory stick, magnetic tape, mag 
netic disk, optical disk or semiconductor storage device. 
0053. Each set of internal components 800 may also 
include network adapters (or Switch port cards) or interfaces 
836 such as a TCP/IP adapter cards, wireless WI-FI interface 
cards, or 3G or 4G wireless interface cards or other wired or 
wireless communication links. The bid and exchange agents 
829, and operating system 828 that are associated with com 
puting device 400, can be downloaded to computing device 
400 from an external computer (e.g., server) via a network 
(for example, the Internet, a local area network, or other wide 
area network) and respective network adapters or interfaces 
836. From the network adapters (or switch port adapters) or 
interfaces 836 and operating system 828 associated with 
computing device 400 are loaded into the respective hard 
drive 830 and network adapter 836. The network may com 
prise copper wires, optical fibers, wireless transmission, rout 
ers, firewalls, Switches, gateway computers and/or edge Serv 
CS 

0054 Each of the sets of external components 900 can 
include a computer display monitor 920, a keyboard 930, and 
a computer mouse 934. External components 900 can also 
include touchscreens, virtual keyboards, touchpads, pointing 
devices, and other human interface devices. Each of the sets 
of internal components 800 also includes device drivers 840 
to interface to computer display monitor 920, keyboard 930 
and computer mouse 934. The device drivers 840, R/W drive 
or interface 832 and network adapter or interface 836 com 
prise hardware and software (stored in storage device 830 
and/or ROM824). 
0055 Various embodiments of the invention may be 
implemented in a data processing system Suitable for storing 
and/or executing program code that includes at least one 
processor coupled directly or indirectly to memory elements 
through a system bus. The memory elements include, for 
instance, local memory employed during actual execution of 
the program code, bulk storage, and cache memory which 
provide temporary storage of at least Some program code in 
order to reduce the number of times code must be retrieved 
from bulk storage during execution. 
0056. Input/Output or I/O devices (including, but not lim 
ited to, keyboards, displays, pointing devices, DASD, tape, 
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CDs, DVDs, thumb drives and other memory media, etc.) can 
be coupled to the system either directly or through interven 
ing I/O controllers. Network adapters may also be coupled to 
the system to enable the data processing system to become 
coupled to other data processing systems or remote printers or 
storage devices through intervening private or public net 
works. Modems, cable modems, and Ethernet cards are just a 
few of the available types of network adapters. 
0057 The present invention may be a system, a method, 
and/or a computer program product. The computer program 
product may include a computer readable storage medium (or 
media) having computer readable program instructions 
thereon for causing a processor to carry out aspects of the 
present invention. 
0058. The computer readable storage medium can be a 
tangible device that can retain and store instructions for use 
by an instruction execution device. The computer readable 
storage medium may be, for example, but is not limited to, an 
electronic storage device, a magnetic storage device, an opti 
cal storage device, an electromagnetic storage device, a semi 
conductor storage device, or any Suitable combination of the 
foregoing. A non-exhaustive list of more specific examples of 
the computer readable storage medium includes the follow 
ing: a portable computer diskette, a hard disk, a random 
access memory (RAM), a read-only memory (ROM), an eras 
able programmable read-only memory (EPROM or Flash 
memory), a static random access memory (SRAM), a por 
table compact disc read-only memory (CD-ROM), a digital 
versatile disk (DVD), a memory stick, a floppy disk, a 
mechanically encoded device Such as punch-cards or raised 
structures in a groove having instructions recorded thereon, 
and any Suitable combination of the foregoing. A computer 
readable storage medium, as used herein, is not to be con 
Strued as being transitory signals perse, such as radio waves 
or other freely propagating electromagnetic waves, electro 
magnetic waves propagating through a waveguide or other 
transmission media (e.g., light pulses passing through a fiber 
optic cable), or electrical signals transmitted through a wire. 
0059 Computer readable program instructions described 
herein can be downloaded to respective computing/process 
ing devices from a computer readable storage medium or to 
an external computer or external storage device via a network, 
for example, the Internet, a local area network, a wide area 
network and/or a wireless network. The network may com 
prise copper transmission cables, optical transmission fibers, 
wireless transmission, routers, firewalls, Switches, gateway 
computers and/or edge servers. A network adapter card or 
network interface in each computing/processing device 
receives computer readable program instructions from the 
network and forwards the computer readable program 
instructions for storage in a computer readable storage 
medium within the respective computing/processing device. 
0060 Computer readable program instructions for carry 
ing out operations of the present invention may be assembler 
instructions, instruction-set-architecture (ISA) instructions, 
machine instructions, machine dependent instructions, 
microcode, firmware instructions, state-setting data, or either 
Source code or object code written in any combination of one 
or more programming languages, including an object ori 
ented programming language Such as Smalltalk, C++ or the 
like, and conventional procedural programming languages, 
Such as the “C” programming language or similar program 
ming languages. The computer readable program instructions 
may execute entirely on the user's computer, partly on the 
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user's computer, as a stand-alone software package, partly on 
the user's computer and partly on a remote computer or 
entirely on the remote computer or server. In the latter sce 
nario, the remote computer may be connected to the user's 
computer through any type of network, including a local area 
network (LAN) or a wide area network (WAN), or the con 
nection may be made to an external computer (for example, 
through the Internet using an Internet Service Provider). In 
Some embodiments, electronic circuitry including, for 
example, programmable logic circuitry, field-programmable 
gate arrays (FPGA), or programmable logic arrays (PLA) 
may execute the computer readable program instructions by 
utilizing state information of the computer readable program 
instructions to personalize the electronic circuitry, in order to 
perform aspects of the present invention. 
0061 Aspects of the present invention are described 
herein with reference to flowchart illustrations and/or block 
diagrams of methods, apparatus (systems), and computer pro 
gram products according to embodiments of the invention. It 
will be understood that each block of the flowchart illustra 
tions and/or block diagrams, and combinations of blocks in 
the flowchart illustrations and/or block diagrams, can be 
implemented by computer readable program instructions. 
0062. These computer readable program instructions may 
be provided to a processor of a general purpose computer, 
special purpose computer, or other programmable data pro 
cessing apparatus to produce a machine, such that the instruc 
tions, which execute via the processor of the computer or 
other programmable data processing apparatus, create means 
for implementing the functions/acts specified in the flowchart 
and/or block diagram block or blocks. These computer read 
able program instructions may also be stored in a computer 
readable storage medium that can direct a computer, a pro 
grammable data processing apparatus, and/or other devices to 
function in a particular manner, such that the computer read 
able storage medium having instructions stored therein com 
prises an article of manufacture including instructions which 
implement aspects of the function/act specified in the flow 
chart and/or block diagram block or blocks. 
0063. The computer readable program instructions may 
also be loaded onto a computer, other programmable data 
processing apparatus, or other device to cause a series of 
operational steps to be performed on the computer, other 
programmable apparatus or other device to produce a com 
puter implemented process, such that the instructions which 
execute on the computer, other programmable apparatus, or 
other device implement the functions/acts specified in the 
flowchart and/or block diagram block or blocks. 
0064. The flowchart and block diagrams in the Figures 
illustrate the architecture, functionality, and operation of pos 
sible implementations of systems, methods, and computer 
program products according to various embodiments of the 
present invention. In this regard, each block in the flowchart 
or block diagrams may represent a module, segment, or por 
tion of instructions, which comprises one or more executable 
instructions for implementing the specified logical function 
(s). In some alternative implementations, the functions noted 
in the block may occur out of the order noted in the figures. 
For example, two blocks shown in Succession may, in fact, be 
executed Substantially concurrently, or the blocks may some 
times be executed in the reverse order, depending upon the 
functionality involved. It will also be noted that each block of 
the block diagrams and/or flowchart illustration, and combi 
nations of blocks in the block diagrams and/or flowchart 
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illustration, can be implemented by special purpose hard 
ware-based systems that perform the specified functions or 
acts or carry out combinations of special purpose hardware 
and computer instructions. 
0065. Although preferred embodiments have been 
depicted and described in detail herein, it will be apparent to 
those skilled in the relevant art that various modifications, 
additions, substitutions and the like can be made without 
departing from the spirit of the disclosure, and these are, 
therefore, considered to be within the scope of the disclosure, 
as defined in the following claims. 

1.-6. (canceled) 
7. A computer program product for dynamically allocating 

storage bandwidth in an exchange, comprising: 
a computer readable storage medium readable by a pro 

cessing circuit and storing instructions for execution by 
the processing circuit for performing a method compris 
ing: 

creating, by an exchange server, a total inventory of 
resources for auction, wherein the total inventory of 
resources for auction comprises resources from at least 
one provider, 

broadcasting the total inventory of resources for auction to 
at least one bidder; and 

awarding an amount of a resource to the at least one bidder 
at an end of a bidding interval, based on a bid provided 
by the at least one bidder during the bidding interval, 
wherein the amount of the resource is a portion of the 
total inventory of resources for auction. 

8. The computer program product of claim 7, wherein the at 
least one bidder limits usage of the awarded resource to the 
amount of the awarded resource. 

9. The computer program product of claim 7, further com 
prising: 

dynamically adjusting the total inventory of resources for 
auction, based on receiving an updated notification of 
available resources from the at least one provider; and 

based on the at least one bidder returning to the at least one 
provider the amount of the awarded resource no longer 
being used. 

10. The computer program product of claim 7, wherein the 
exchange server includes an exchange agent configured for: 

receiving the bids from the at least one bidder; 
determining a successful bid, based on the Successful bid 

being a highest number of units bid for the amount of the 
resource: 

notifying the at least one bidder having the successful bid 
of a total cost of the successful bid; and 

managing the bidding interval, wherein the exchange agent 
notifies the at least one provider and the at least one 
bidder of the start and the end of the bidding interval. 

11. The computer program product of claim 7, wherein the 
at least one bidder includes a bidder agent configured for: 

creating the bid, wherein the bid comprises a resource 
name, a number of units of resource desired, and a num 
ber of units bid for each unit of resource; 

maintaining an account balance of the number of units 
available to bid, wherein the total cost of the successful 
bid is deducted from the account balance; and 

maintaining a history of the bids provided, wherein the 
history includes the successful bids and the unsuccessful 
bids. 

12. The computer program product of claim 7, wherein the 
bidding interval is a configurable period of time, and wherein 
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the exchange server receives the bids for the amount of the 
resources from the at least one bidder, and the resources 
available for auction from the at least one provider. 

13. The computer program product of claim 7, wherein the 
creating the bid further comprises: 

creating a next bid, during the bidding interval, for the 
amount of the resource based on the bid being unsuc 
cessful; 

analyzing the history of the bids provided and adjusting the 
next bid based on at least one of: 
an amount of resource consumed; 
a ratio of successful bids to unsuccessful bids; and 
a percentage of awarded resource left unused. 

14. A computer system for dynamically allocating storage 
bandwidth in an exchange, comprising: 

a memory, a processing unit communicatively coupled to 
the memory, and a management module communica 
tively coupled to the memory and processing unit, 
wherein the management module is configured to per 
form the steps of a method comprising: 

creating, by an exchange server, a total inventory of 
resources for auction, wherein the total inventory of 
resources for auction comprises resources from at least 
one provider; 

broadcasting the total inventory of resources for auction to 
at least one bidder; and 

awarding an amount of a resource to the at least one bidder 
at an end of a bidding interval, based on a bid provided 
by the at least one bidder during the bidding interval, 
wherein the amount of the resource is a portion of the 
total inventory of resources for auction. 

15. The computer system product of claim 14, wherein the 
at least one bidder limits usage of the awarded resource to the 
amount of the awarded resource. 

16. The computer system of claim 14, further comprising: 
dynamically adjusting the total inventory of resources for 

auction, based on receiving an updated notification of 
available resources from the at least one provider; and 

based on the at least one bidder returning to the at least one 
provider the amount of the awarded resource no longer 
being used. 
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17. The computer system of claim 14 wherein the exchange 
server includes an exchange agent configured for: 

receiving the bids from the at least one bidder; 
determining a successful bid, based on the Successful bid 

being a highest number of units bid for the amount of the 
resource: 

notifying the at least one bidder having the successful bid 
of a total cost of the successful bid; and 

managing the bidding interval, wherein the exchange agent 
notifies the at least one provider and the at least one 
bidder of the start and the end of the bidding interval. 

18. The computer system of claim 14, wherein the at least 
one bidder includes a bidder agent configured for: 

creating the bid, wherein the bid comprises a resource 
name, a number of units of resource desired, and a num 
ber of units bid for each unit of resource; 

maintaining an account balance of the number of units 
available to bid, wherein the total cost of the successful 
bid is deducted from the account balance; and 

maintaining a history of the bids provided, wherein the 
history includes the successful bids and the unsuccessful 
bids. 

19. The computer system of claim 14, wherein the bidding 
interval is a configurable period of time, and wherein the 
exchange server receives the bids for the amount of the 
resources from the at least one bidder, and the resources 
available for auction from the at least one provider. 

20. The computer system of claim 14, wherein the creating 
the bid further comprises: 

creating a next bid, during the bidding interval, for the 
amount of the resource based on the bid being unsuc 
cessful; 

analyzing the history of the bids provided and adjusting the 
next bid based on at least one of: 

an amount of resource consumed; 
a ratio of Successful bids to unsuccessful bids; and 
a percentage of awarded resource left unused. 

k k k k k 


