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(57) ABSTRACT 

A method for selecting a resource from a plurality of 

resources includes determining a score for that resource on 

the basis of a stochastic property of that resource. An 

interval corrsesponding to that resource is then de?ned to 

have an extent that depends on the score. A particular 

resource is then selected by generating a random number 
and selecting that resource When the random number falls 
Within the interval. 
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SELECTION OF A RESOURCE IN A DISTRIBUTED 
COMPUTER SYSTEM 

[0001] This invention relates to distributed computer sys 
tems, and in particular, to the selection of system resources 
by a constituent processor of a distributed computer system. 

BACKGROUND 

[0002] A distributed computer system includes a large 
number of processors, each With its oWn local memory. 
These processors all share a common memory. The common 
memory includes several queues in Which are listed instruc 
tions for various processing tasks Waiting to be performed. 
When a processor becomes free, it selects one of these 
queues and carries out the processing task Waiting at the 
front of the queue. 

[0003] In selecting a queue, the processor attempts to 
minimiZe the Waiting time of each processing task in each 
queue. Since Waiting time depends, in part, on queue length, 
it is useful for the processor to knoW hoW many tasks are 
Waiting in each queue before selecting a queue. 

[0004] In a distributed computer system, several other 
processors are constantly adding and deleting processing 
tasks from the queues. This causes the length of each queue 
to change unpredictably. As a result, in order for a processor 
to knoW the length of a queue, it must take the time to poll 
the queue. HoWever, if each processor, upon completing a 
processing task, Were to poll each queue, the overhead 
associated With selecting a queue becomes unacceptably 
high. 
[0005] A distributed computer system occasionally com 
municates With other distributed computer systems. To do 
so, a sending processor from a source distributed computer 
system sends a message to one of the constituent processors 
on a target distributed computer system. A prerequisite to 
doing so is the selection of a receiving processor from 
among the constituent processors of the target system. 

[0006] Preferably, a sending processor selects, as the 
receiving processor, that processor on the target system that 
is the least busy. HoWever, in doing so, the sending proces 
sor faces a problem similar to that described above in the 
conteXt of selecting a queue. Short of polling each processor 
in the target system, there is no simple and reliable mecha 
nism for identifying the processor that is the least busy. 

SUMMARY 

[0007] The problem of selecting a receiving processor and 
selecting a queue are eXamples of the more general problem 
of selecting a resource on the basis of a stochastic property 
of that resource. Rather than attempt to determine With 
certainty the value of the stochastic property for each 
resource, the method of the invention selects resources 
probabilistically, using estimates of the current, or present 
values of the stochastic property for each of the available 
resources. 

[0008] One method for selecting a resource from a plu 
rality of resources, includes determining a score for that 
resource on the basis of a stochastic property of the resource 
and then de?ning an interval corresponding to the resource. 
The eXtent of that interval is selected to depend on the score 
for that resource. A random number, is then generated and 
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that resource is selected if the random number falls Within 
the interval de?ned for that resource. The random number 
can, but need not be, uniformly distributed over the set of all 
intervals associated With the plurality of resources. 

[0009] The method thus has the quality of spinning a 
roulette Wheel having as many slots as there are resources to 
select from, With the eXtent of each slot being dependent on 
the value of the stochastic property of the resource associ 
ated With that slot. This ensures that resources having 
desirable values of that stochastic property are more likely 
to be selected but that all resources have some probability of 
being selected. 

[0010] In a ?rst practice of the invention, the resource is 
selected to be a queue and the stochastic property of the 
resource is the queue-length of the queue. In a second 
practice of the invention, the resource is a processor and the 
stochastic property is the Workload of that processor. 

[0011] In both cases, the method includes determining a 
score for each resource from the plurality of resources 
available for selection. This includes estimating a present 
value of the stochastic property of that resource, typically on 
the basis of prior measurements of that stochastic property. 
In one aspect of the invention, the prior measurement is the 
last-knoWn value, or most recent measurement of that sto 
chastic property for the resource in question. 

[0012] The eXtent of the interval associated With a par 
ticular resource depends on the score associated With that 
resource. In one practice of the invention, the eXtend 
depends on the normaliZed score for that resource. The score 
determined for a resource can be normaliZed by evaluating 
a sum of scores assigned to each resource in the plurality of 
resources and normaliZing the score assigned to the resource 
by the sum of scores. 

[0013] The method also includes an optional step of 
periodically updating the measurements upon Which an 
estimate of a current value of a stochastic property are based. 
In one practice of the invention, a resource that has been 
selected is also polled to determine the current value of the 
stochastic property for that resource. This current value then 
becomes the neW last-knoWn value for the stochastic prop 
erty of that resource. 

[0014] These and other features of the invention Will be 
apparent from the folloWing detailed description and the 
accompanying ?gures in Which: 

BRIEF DESCRIPTION OF THE FIGURES 

[0015] FIG. 1 shoWs a data storage system; 

[0016] FIG. 2 shoWs the contents of the local cache 
memory and the global memory of the data storage system 
of FIG. 1; 

[0017] FIG. 3 is a ?oW-chart illustrating a queue-selection 
method; 
[0018] FIG. 4 is a sampling interval for the queue-selec 
tion method illustrated in FIG. 3; 

[0019] FIG. 5 shoWs the data-storage system of FIG. 1 in 
communication With a remote data-storage system; 

[0020] FIG. 6 is a ?oW-chart illustrating a method for 
selecting a remote adaptor With Which to communicate; and 
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[0021] FIG. 7 is a sampling interval for the remote adaptor 
selection method illustrated in FIG. 6. 

DETAILED DESCRIPTION 

[0022] A data-storage system 10 for that carries out a 
resource selection method, as shoWn in FIG. 1, includes 
several adaptors 12 that interface With external devices. 
These external devices can be data storage devices 14, such 
as disk drives, in Which case the adaptors are called “disk 
adaptors.” The external devices can also be hosts 16, or 
processing systems that are directly accessed by users of the 
data-storage system 10, in Which case they are referred to as 
“host adaptors.” The external devices can also be remote 
data-storage systems 18 for mirroring data in the data 
storage system 10, in Which case the adaptors are referred to 
as “remote adaptors.” Each adaptor 12 includes its oWn 
processor 20 and a local memory 22 available to the pro 
cessor 20. 

[0023] The data-storage system 10 also includes a com 
mon memory 24 that is accessible to all the adaptors. The 
common memory 24 functions as a staging area for tempo 
rary storage of data. The use of a common memory-24 
improves performance of the data-storage system 10 by 
reducing the latency associated With accessing mass storage 
devices. 

[0024] The various adaptors 12 in the data-storage system 
10 cooperate With each other to assure an orderly How of 
data from the common memory 24 to or from the mass 
storage devices 14, hosts 16, and mirror sites 18. To coop 
erate effectively, the adaptors 12 must communicate With 
each other. This communication is implemented by main 
taining one or more queues 26 in a queue portion 28 of the 
common memory 24, as shoWn in FIG. 2. When an adaptor 
32 requires that a particular task be executed by another 
adaptor, it leaves, on a queue 26 Within the queue portion 28, 
a message 30 requesting that the task be carried out. An 
adaptor 34 scanning the queue can then encounter the 
message 30 and execute that task. 

[0025] Throughout the remainder of this speci?cation, the 
adaptor 32 leaving the message is referred to as the “request 
adaptor;” the adaptor 34 that carries out the task speci?ed in 
the message is referred to as the “execution-adaptor.” It is 
understood, hoWever, that these are logical designations 
only. Disk adaptors, host adaptors, and remote adaptors can 
each take on the role of a request-adaptor 32 or an execution 
adaptor 34 at various times during the operation of the 
data-storage system 10. 

[0026] Certain tasks in the data-storage system 10 are 
urgent and must be carried out promptly. Other tasks are less 
time-sensitive. To accommodate this, the data-storage sys 
tem 10 assigns different priorities to the queues 26. When a 
request-adaptor 32 has a task to be executed, it determines 
the priority of the task and places it in the queue 26 Whose 
priority is appropriate to the urgency of the task. 

[0027] Each queue 26 contains a varying number of mes 
sages 30. This number is referred to as the queue-length. The 
queue-length has a loWer bound of Zero and an upper bound 
that depends on the con?guration of the disk-storage system 
10. In the course of normal operation, request-adaptors 32 
add neW messages to the queue 26 and execution-adaptors 
34 carry out requests speci?ed in messages and delete those 
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messages from the queue 26. As a result, the queue-length is 
a time-varying random number. 

[0028] When an execution-adaptor 34 becomes free to 
execute a processing task, it selects a queue 26 and executes 
the processing task speci?ed by a topmost message 36 in that 
queue 26. The execution-adaptor 34 selects the queue 26 so 
as to minimiZe the Waiting time for all pending messages in 
all queues. In most cases, this requires that the execution 
adaptor 34 select the queue 26 having the greatest queue 
length. 
[0029] Because the queue-length is a time-varying random 
number, the execution-adaptor 34 cannot knoW With cer 
tainty the length of each queue 26 at the moment When it is 
necessary to select a queue 26. Even if the execution-adaptor 
34 Were to incur the overhead associated With polling each 
queue 26, it Would be possible for other adaptors 12 to add 
or delete a message 30 from a queue 26 that has just been 
polled by the execution-adaptor 34. This introduces error 
into the execution-adaptor’s assessment of the queue 
lengths. 
[0030] To avoid having to poll each queue 26 Whenever it 
becomes free to carry out a request from one of the queues, 
the execution-adaptor 34 caches, in its local memory 22, a 
queue-length table 38 listing the length of each queue 26 at 
the time that the execution-adaptor 34 last carried out a 
request pending on that queue 26. The table-entries in the 
queue-length table 38 are thus the last-knoWn queue-lengths 
for each queue 26. These last-known queue-lengths function 
as estimates of the queue-lengths at the moment When the 
execution adaptor 34 selects a queue 26. 

[0031] The execution-adaptor 34 updates a queue’s entry 
in the queue-length table 38 Whenever it accesses that queue 
26 to carry out a request. Since the execution-adaptor 34 
already has to access the queue 26 in order to carry out a 
request pending on that queue 26, there is little additional 
overhead associated With polling the queue 26 to obtain its 
queue-length. 
[0032] The execution-adaptor 34 also maintains a priority 
table 40 listing the priority values assigned to each queue 26. 
A high-priority queue is characteriZed by a large integer in 
the priority table 40. LoWer priority tables are characteriZed 
by smaller integers in the priority table 40. 

[0033] Referring noW to FIG. 3, the execution-adaptor 34 
selects a queue 26 by ?rst assigning 42 a score to each queue 
26. It does so by Weighting the estimate of the queue-length 
for each queue 26 With the priority assigned to that queue 26. 
The result is referred to as the “effective queue-length” for 
that queue 26. The execution-adaptor 34 then sums 44 the 
effective queue-lengths for all queues 26 and de?nes 46 a 
sampling interval 48 having an extent equal to that sum, as 
shoWn in FIG. 4. 

[0034] The execution adaptor 34 then divides 50 the 
sampling interval 48 into as many queue-intervals 52 as 
there are queues 26. Each queue-interval 52 has an extent 
that corresponds to the effective queue-length of the queue 
26 With Which it is associated. In the illustrated embodiment, 
the extent of each queue-interval 52 is the effective queue 
length normaliZed by the extent of the sampling interval 48. 
In addition, each queue-interval 52 is disjoint from all other 
queue-intervals. As a result, each point on the sampling 
interval is associated With one, and only one, queue 26. 
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[0035] Once the queue-intervals 50 are de?ned, the eXecu 
tion-adaptor 34 executes 54 a random number process 56 
(see FIG. 2) that generates a random number having a value 
that is uniformly distributed over the sampling interval 48. 
The random number Will thus have a value that places it in 
one of the queue-intervals 52 that together form the sam 
pling interval 48. The probability that the random number 
Will be in any particular queue-interval 52 depends on the 
last-knoWn effective queue-length of the queue 26 corre 
sponding to that queue-interval relative to the last-knoWn 
effective queue-lengths of all other queues. 

[0036] The execution-adaptor 34 then accesses 58 the 
queue 26 corresponding to the queue-interval 52 that con 
tains the random number and carries out 60 the task speci?ed 
by the topmost message 36 in that selected queue 26. Once 
the task is completed, the execution-adaptor 34 deletes 62 
the topmost message 36 from the selected queue 26 and polls 
64 the selected queue 26 to obtain its queue-length. The 
execution-adaptor 34 then updates 66 the entry in its queue 
length table 38 that corresponds to the selected queue 26. 

[0037] By using a locally-cached last-knoWn queue-length 
to formulate an estimate of a current effective queue-length, 
the queue-selection method described above avoids polling 
each queue 26 to obtain its current queue-length. The 
foregoing queue-selection method can thus rapidly select a 
queue 26 that, While not guaranteed to be have longest 
effective queue-length, most likely does. Because each 
queue 26 has some probability of being selected, the queue 
selection method described above also avoids neglecting any 
queue 26. This ensures that tasks Waiting on queues having 
a loW effective queue-length are nevertheless performed 
Within a reasonable Waiting period. This also ensures that 
queues having a loW effective queue-length are occasionally 
polled to see if their effective queue-lengths have changed. 

[0038] A data-storage system 10 can be con?gured to 
maintain several queues 26 all of Which have the same 
priority. A data-storage system 10 offers more ?exibility in 
load balancing than a data-storage system having only a 
single queue because in such a system, several adaptors can 
carry out pending requests simultaneously. 
[0039] The foregoing method can also be carried out in a 
data-storage system 10 in Which all the queues 26 have the 
same priority. In such a data-storage system 10, the effective 
queue-length can be set equal to the queue-length, in Which 
case the priority table 40 is unnecessary. Alternatively, the 
entries in the priority table 40 can be set equal to each other. 

[0040] The method described above can be adapted to 
select any resource on the basis of a stochastic property of 
that resource. In the application described above, the 
resource is a queue 26 and the stochastic property that 
provides the basis for selection is the length of that queue. 
In the application that folloWs, the resource is a remote 
adaptor on a remote mirroring site 18 and the stochastic 
property that provides the basis for selection is the process 
ing Workload associated With the remote adaptor. 

[0041] A distinction betWeen the tWo cases is that in the 
?rst case, it is preferable to select the resource having a high 
value of the stochastic property and in the second case, it is 
preferable to select the resource having a loW value of the 
stochastic property. This distinction is readily accommo 
dated in the second case by Working With the inverse of the 
stochastic property rather than With the stochastic property 
directly. 
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[0042] Referring noW to FIG. 5, a ?rst data-storage sys 
tem 68 sometimes communicates With a second data-storage 
system 70. For eXample, When a host adaptor 72 associated 
With the ?rst data-storage system 68 Writes to a device 74 
that is mirrored on a mirror device 76 controller by a disk 
adaptor 78 associated With the second data-storage system 
70, a remote adaptor 80 on the ?rst data-storage system 68 
establishes communication With a selected remote adaptor 
82 on the second data-storage system 70. The remote 
adaptor on the ?rst data-storage system 68 Will be referred 
to as the “sending adaptor”80 and the remote adaptors on the 
second data-storage system 70 Will be referred to as the 
“receiving adaptors”82. Each remote adaptor 80, 82 has its 
oWn processor 82 and local memory 84. 

[0043] It is understood that the designations “receiving 
adaptor” and “sending adaptor” are logical designations 
only. For eXample, the second data-storage system 70 may 
have devices that are mirrored on the ?rst data-storage 
system 68, in Which case a remote adaptor 82 of the second 
data storage system 70 can function as a sending adaptor and 
a remote adaptor 80 on the ?rst data storage system 68 can 
function as a receiving adaptor. 

[0044] In establishing communication, the sending adap 
tor 80 selects one of the available receiving adaptors 82. 
Preferably, the sending adaptor 80 selects the receiving 
adaptor 82 that is the least busy. HoWever, because of the 
overhead associated With communicating With the receiving 
adaptors 82, it is impractical for the sending adaptor 80 to 
poll each of the receiving adaptors 82 to determine Which of 
the receiving adaptors 82 is the least busy. 
[0045] In addition, the sending adaptor 80 cannot knoW 
With certainty Whether the information it relies upon in 
selecting a receiving adaptor 82 is accurate. For eXample, it 
is possible that, in the brief interval betWeen being polled by 
a sending adaptor 80 and being asked to carry out a task by 
the sending adaptor 80, a receiving adaptor 82 may have 
taken on requests sent by other sending adaptors 80. 

[0046] To avoid having to poll each receiving adaptor 82, 
the sending adaptor 80 maintains, in its local memory 84, a 
Workload table 86 having information indicative of the 
Workload carried by each receiving adaptor 82 at the time 
that the sending adaptor 80 last engaged in an I/O transaction 
With that receiving adaptor 82. The Workload associated 
With a particular receiving adaptor 82 is thus the last-knoWn 
Workload for that receiving adaptor 82. The receiving 
adaptor selection method uses the last-knoWn Workloads of 
the receiving adaptors in the Workload table 86 to estimate 
hoW busy each receiving adaptor 82 is at the time that the 
sending adaptor 80 selects a receiving adaptor 82. 
[0047] The sending adaptor 80 updates the corresponding 
entry in the Workload table 88 entry for each receiving 
adaptor 82 Whenever it engages in an I/O transaction With 
that receiving adaptor 82. Since the sending adaptor 80 
already had to establish communication With the receiving 
adaptor 82 in order to engage in an I/O transaction With that 
adaptor 82, there is little additional overhead associated With 
polling the receiving adaptor 82 to obtain a measure of hoW 
busy that receiving adaptor 82 currently is. In response to 
polling by the sending adaptor 80, the receiving adaptor 82 
provides an integer indicative of the number of tasks it is 
handling concurrently. 
[0048] Referring to FIG. 6, selection of a receiving adap 
tor 82 With Which to communicate begins With the sending 
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adaptor 80 assigning 88 a score to each receiving adaptor 82. 
The sending adaptor 80 does so by Weighting the reciprocal 
of the table entry associated With each receiving adaptor 82 
by an integer large enough to avoid time-consuming ?oating 
point operations in the steps that folloW. The resulting score 
is referred to as the “inverse Workload” for that receiving 
adaptor 82. The sending adaptor 80 then sums 90 the inverse 
workloads for all receiving adaptors 82 and de?nes 92 a 
sampling interval 94 having a length equal to that sum, as 
shoWn in FIG. 7. 

[0049] The sampling interval 94 is then subdivided 96 into 
as many sub-intervals 98 as there are receiving adaptors 82. 
Each sub-interval 98 has a length that corresponds to the 
inverse Workload of the receiving adaptor 82 With Which it 
is associated. In addition, each sub-interval 98 is disjoint 
from all other sub-intervals. As a result, each point on the 
sampling interval 94 is associated With one, and only one, 
receiving adaptor 82. 

[0050] Once the sub-intervals are de?ned, the sending 
adaptor 80 executes 100 a random number process 102 that 
generates a random number having a value that is uniformly 
distributed over the sampling interval 94. The random 
number Will thus have a value that places it in a sub-interval 
98 corresponding to one of the receiving adaptors 82. The 
probability that the random number Will be in a sub-interval 
98 corresponding to a particular receiving adaptor 82 
depends on the inverse Workload of that receiving adaptor 
82 relative to the inverse Workloads of all other receiving 
adaptors. 

[0051] The sending adaptor 80 then establishes 104 com 
munication With and sends 106 a message to the selected 
receiving adaptor 82 corresponding to the sub-interval 98 
associated With the value of the random number. The send 
ing adaptor 80 then polls 108 the receiving adaptor 82 to 
obtain a neW estimate of its Workload and updates 110 the 
entry in its Workload table 86 that corresponds to that 
receiving adaptor 82. 

[0052] By using a locally-cached last-knoWn Workload 
rather than polling each receiving adaptor 82 to obtain a 
current Workload, the sending adaptor 80 can rapidly select 
a receiving adaptor 82 that, although not guaranteed to have 
the smallest Workload, most likely does. Because each 
receiving adaptor 82 has some probability of being selected, 
the probabilistic selection process described above avoids 
neglecting any receiving adaptor 82. This ensures load 
balancing among the receiving adaptors 82. This also 
ensures that receiving adaptors 82 that Were once found to 
be busy are occasionally polled to see if they have since 
become relatively idle. 

Having described the invention and a preferred embodiment 
thereof, What We claim as neW, and secured by Letters 
Patent is: 

1.-26. (canceled) 
27. Amethod for selecting a receiving adaptor in connec 

tion With communication betWeen storage devices, compris 
ing: 

assigning a score to each of a plurality of possible 
receiving adaptors; 
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de?ning an interval for each of said possible receiving 
adaptors, Wherein each interval varies according to a 
corresponding score of each of said plurality of pos 
sible receiving adaptors; 

generating a random number; and 

selecting a particular receiving adaptor from said plurality 
of possible receiving adaptors, Wherein said particular 
receiving adaptor has an interval corresponding to said 
random number. 

28. A method, according to claim 27, further comprising: 

establishing communication With said particular receiving 
adaptor. 

29. A method, according to claim 27, Wherein generating 
a random number includes generating a uniformly distrib 
uted random number. 

30. A method, according to claim 27, Wherein each of said 
scores varies according to an inverse Workload value of each 
of said possible receiving adaptors. 

31. A method, according to claim 30, further comprising: 

summing each of the inverse Workload values to obtain a 
normaliZing factor. 

32. A method, according to claim 31, Wherein each of said 
intervals for each of said possible receiving adaptors is a 
portion of said normaliZing factor having a siZe that varies 
according to a corresponding one of each of said inverse 
Workload values. 

33. A method, according to claim 32, Wherein each of said 
inverse Workload values is obtained from a Workload table. 

34. A method, according to claim 33, further comprising: 

locally caching the Workload table. 
35. A method, according to claim 33, Wherein said Work 

load table is updated each time data is sent from one of the 
storage devices to another one of the storage devices. 

36. Computer softWare, provided in a computer-readable 
medium, for selecting a receiving adaptor in connection With 
communication betWeen storage devices, comprising: 

executable code that assigns a score to each of a plurality 
of possible receiving adaptors; 

executable code that de?nes an interval for each of said 
possible receiving adaptors, Wherein each interval var 
ies according to a corresponding score of each of said 
plurality of possible receiving adaptors; 

executable code that generates a random number; and 

executable code that selects a particular receiving adaptor 
from said plurality of possible receiving adaptors, 
Wherein said particular receiving adaptor has an inter 
val corresponding to said random number. 

37. Computer softWare, according to claim 36, further 
comprising: 

executable code that establishes communication With said 
particular receiving adaptor. 

38. Computer softWare, according to claim 36, Wherein 
executable code that generates a random number generates 
a uniformly distributed random number. 

39. Computer softWare, according to claim 36, Wherein 
each of said scores varies according to an inverse Workload 
value of each of said possible receiving adaptors. 

40. Computer softWare, according to claim 39, further 
comprising: 
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executable code that sums each of the inverse Workload 
values to obtain a normalizing factor. 

41. Computer software, according to claim 40, Wherein 
each of said intervals for each of said possible receiving 
adaptors is a portion of said normaliZing factor having a siZe 
that varies according to a corresponding one of each of said 
inverse Workload values. 

42. Computer softWare, according to claim 41, Wherein 
each of said inverse Workload values is obtained from a 
Workload table. 

43. Computer softWare, according to claim 42, further 
comprising: 

executable code that locally caches the Workload table. 
44. Computer softWare, according to claim 42, further 

comprising: 
executable code that updates said Workload table is 

updated each time data is sent from one of the storage 
devices to another one of the storage devices. 

45. A data storage system, comprising: 

a COIIlIIlOIl memory; 

a host adaptor, coupled With the common memory, that 
has in interface for a host; 

a mass storage device coupled With the common memory; 
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a remote adaptor coupled With the common memory, 
Wherein the remote adaptor causes data Written to the 
mass storage device to be transmitted to an other 

storage device having a plurality of possible receiving 
adaptors that receive the data, and 

computer softWare, provided in a computer-readable 
medium, that selects a particular one of the possible 
receiving adaptors, said computer softWare including 
executable code that assigns a score to each of the 
plurality of possible receiving adaptors, executable 
code that de?nes an interval for each of said possible 
receiving adaptors, Wherein each interval varies 
according to a corresponding score of each of said 
plurality of possible receiving adaptors, executable 
code that generates a random number, and executable 
code that selects the particular receiving adaptor from 
said plurality of possible receiving adaptors, Wherein 
said particular receiving adaptor has an interval corre 
sponding to said random number. 

46. Adata storage system, according to claim 46, Wherein 
each of said scores varies according to an inverse Workload 
value of each of said possible receiving adaptors. 


