
IN THE UNITED STATES DISTRICT COURT 
FOR THE DISTRICT OF DELAWARE 

MEMORY INTEGRITY, LLC 

Plaintiff, 

v. 

HISENSE INTERNATIONAL CO., LTD AND 
HISENSE USA CORPORATION, 

Defendants. 

Civil Action No.                           

JURY TRIAL DEMANDED 

COMPLAINT FOR PATENT INFRINGEMENT 

Plaintiff Memory Integrity, LLC (“MI”), by way of this Complaint for Patent 

Infringement (“Complaint”) against the above-named Defendants Hisense International Co., 

LTD. and Hisense USA Corporation (collectively referred to as “Hisense” or “Defendants”), 

alleges as follows: 

NATURE OF THE ACTION 

1. This is an action for patent infringement arising under the Patent Laws of the 

United States, Title 35 of the United States Code. 

THE PARTIES 

2. Plaintiff MI is a limited liability company organized under the laws of the State of 

Delaware with a place of business at 1220 N. Market Street, Suite 806, Wilmington, Delaware 

19801. 

3. On information and belief, Defendant Hisense International Co., LTD. is a 

corporation organized under the laws of China with its principal place of business at Hisense 

Tower, 17 Donghaixi Road, Qingdao, 266071, Shandong, China. 
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4. On information and belief, Defendant Hisense USA Corporation is a corporation 

organized under the laws of the State of Georgia with its principal place of business at 7310 

McGinnis Ferry Road, Suwanee, GA 30024.   

JURISDICTION AND VENUE 

5. This Court has subject matter jurisdiction under 28 U.S.C. §§ 1331 and 1338. 

6. On information and belief, Defendants are subject to the jurisdiction of this Court 

by reason of their acts of patent infringement which have been committed in this Judicial 

District, and by virtue of their regularly conducted and systematic business contacts in this State.  

As such, Defendants have purposefully availed themselves of the privilege of conducting 

business within this Judicial District; have established sufficient minimum contacts with this 

Judicial District such that they should reasonably and fairly anticipate being haled into court in 

this Judicial District; and at least a portion of the patent infringement claims alleged herein arise 

out of or are related to one or more of the foregoing activities. 

7. Venue is proper in this judicial district under 28 U.S.C. §§ 1391(c) and 1400(b). 

JOINDER 

8. Joinder is proper under 35 U.S.C. § 299.  The allegations of infringement 

contained herein are asserted against the Defendants jointly, severally, or in the alternative and 

arise, at least in part, out of the same series of transactions or occurrences relating to Defendants’ 

manufacture, use, sale, offer for sale, and importation of the same accused products.  On 

information and belief, the Defendants are part of the same corporate family of companies, and 

the infringement allegations arise at least in part from the Defendants’ collective activities with 

respect to the Defendants’ accused products.  Questions of fact common to the Defendants will 

arise in the action, including questions relating to the structure and operation of the accused 
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products, Defendants’ infringing acts and, on information and belief, the validity of the patent-in-

suit. 

THE PATENT-IN-SUIT 

9. On November 13, 2007, United States Patent No. 7,296,121 (the “’121 Patent”), 

entitled “Reducing Probe Traffic in Multiprocessor Systems,” was duly and legally issued by the 

United States Patent and Trademark Office.  A true and correct copy of the ’121 Patent is 

attached as Exhibit A to this Complaint. 

10. MI is the assignee and owner of the right, title and interest in and to the ’121 

Patent, including the right to assert all causes of action arising under said patent and the right to 

any remedies for infringement of it. 

COUNT I – INFRINGEMENT OF U.S. PATENT NO. 7,296,121 

11. The allegations set forth in the foregoing paragraphs 1 through 10 are hereby 

realleged and incorporated herein by reference. 

12. In violation of 35 U.S.C. § 271(a), Defendants have directly infringed and 

continue to directly infringe, both literally and under the doctrine of equivalents, the ’121 Patent 

by making, using, offering for sale, selling, and importing products (the “Accused 

Instrumentalities”) and by performing methods that practice the subject matter claimed in one or 

more claims of the ’121 Patent, including but not limited to claim 1, in the United States, 

including within this Judicial District, without the authority of MI.  For example, Defendants 

have directly infringed the ’121 Patent by selling products that contain a multicore processor that 

utilizes a probe filtering unit to reduce probe traffic in a computer system.  The Accused 

Instrumentalities include, but are not limited to the Hisense Sero 7 Pro. 

13. Defendants have had actual knowledge of the ’121 Patent and their infringement 

of that patent since at least the date of service of this Complaint. 
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14. Defendants are also inducing infringement of the ’121 Patent under 35 U.S.C. § 

271(b), since at least the date of service of this Complaint, by actively aiding and abetting others 

(including their direct and indirect customers) whose sale, offer for sale, importation, and use of 

the Accused Instrumentalities constitutes direct infringement.  Defendants have engaged in these 

actions with either the specific intent to cause infringement or with willful blindness to the 

infringement that they are causing.  For example, Defendants’ actions that actively induce their 

customers to directly infringe at least claim 25 of the ’121 Patent include selling the Accused 

Instrumentalities, providing user manuals regarding use of the Accused Instrumentalities, and 

providing technical support regarding the use of the Accused Instrumentalities, where the use of 

the Accused Instrumentalities during normal operation by Defendants’ customers infringe at 

least claim 25 of the ’121 Patent.  The use of the Accused Instrumentalities identified above 

during normal operation directly infringes claim 25 of the ’121 Patent in at least the following 

manner: 

(a) The Accused Instrumentalities comprise a plurality of processing nodes 

because they contain multicore processors.  The cores are connected in a point-to-point 

architecture and each core has an associated L1 cache memory; 

(b) One of the processor cores requests access to a memory line by 

transmitting a probe to the Snoop Control Unit (the probe filtering unit); 

(c) The Snoop Control Unit evaluates the probe using a copy of the L1 data 

cache tag RAMs which is representative of the states associated with selected L1 caches 

to determine whether a valid copy of the memory line is in any of the L1 caches; 

(d) The Snoop Control Unit transmits the probe only to selected ones of the 

cores identified in the evaluating step; 
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(e) The Snoop Control Unit accumulates responses from the selected cores; 

and 

(f) The Snoop Control Unit responds to the original request from the first 

core. 

15. Defendants are also committing contributory infringement of the ’121 Patent 

under 35 U.S.C. § 271(c) since at least the date of service of this Complaint by importing and 

selling the Accused Instrumentalities to others, including but not limited to their customers, 

knowing and/or being willfully blind to the fact that these products constitute a material part of 

the invention, were especially made or especially adapted for use in an infringement of the ’121 

Patent, and have no substantial non-infringing uses.  For example, the Accused Instrumentalities 

constitute a material part of the claimed invention at least because they contain all of the 

components that perform the method of reducing probe traffic in a computer system as claimed 

in claim 25 of the ’121 Patent.  The Accused Instrumentalities were made or especially adapted 

for use in an infringement of the ’121 Patent and have no substantial non-infringing uses at least 

because they contain components whose only purpose is to reduce probe traffic in a computer 

system as claimed in claim 25 of the ’121 Patent.  The use of the Accused Instrumentalities 

identified above by Defendants’ customers during normal operation directly infringes claim 25 

of the ’121 Patent in at least the following manner: 

(a) The Accused Instrumentalities comprise a plurality of processing nodes 

because they contain multicore processors.  The cores are connected in a point-to-point 

architecture and each core has an associated L1 cache memory; 

(b) One of the processor cores requests access to a memory line by 

transmitting a probe to the Snoop a. Control Unit (the probe filtering unit); 
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(c) The Snoop Control Unit evaluates the probe using a copy of the L1 data 

cache tag RAMs which is representative of the states associated with selected L1 caches 

to determine whether a valid copy of the memory line is in any of the L1 caches; 

(d) The Snoop Control Unit transmits the probe only to selected ones of the 

cores identified in the evaluating step; 

(e) The Snoop Control Unit accumulates responses from the selected cores; 

and 

(f) The Snoop Control Unit responds to the original request from the first 

core. 

16. MI has been harmed by Defendants’ infringing activities. 

JURY DEMAND 

MI demands a jury trial on all issues and claims so triable. 

PRAYER FOR RELIEF 

WHEREFORE, MI prays for judgment as follows: 

a. An adjudication that Defendants have infringed the ’121 Patent; 

b. An award of damages to be paid by Defendants adequate to compensate 

MI for past infringement of the ’121 Patent, and any continuing or future infringement through 

the date such judgment is entered, including prejudgment and post-judgment interest, costs, 

expenses and an accounting of all infringing acts including but not limited to those acts not 

presented at trial; 

c. An order that Defendants pay an ongoing royalty in an amount to be 

determined for any continued infringement after the date judgment is entered; and 

d. Such further relief at law and in equity as the Court may deem just and 

proper. 
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Dated:  November 26, 2013 STAMOULIS & WEINBLATT LLC 

/s/ Richard C. Weinblatt  
Stamatios Stamoulis #4606 

stamoulis@swdelaw.com 
Richard C. Weinblatt #5080 

weinblatt@swdelaw.com 
Two Fox Point Centre 
6 Denny Road, Suite 307 
Wilmington, DE 19809 
Telephone: (302) 999-1540 

Attorneys for Plaintiff 
Memory Integrity, LLC 
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Morton et al. (45) Date of Patent: Nov. 13, 2007

(54) REDUCING PROBE TRAFFIC IN 5,524, 212 A 6/1996 Somani et al.
MULTIPROCESSOR SYSTEMS 5, 692, 123 A 11/1997 Logghe

5, 751,995 A 5/1998 Sarangdhar
(75) Inventors: Eric Morton, Austin, TX (US); Rajesh 5,829, 032 A 10/1998 Komuro et al.

Kota, Austin, TX (US); Adnan 5,893, 151 A 4/1999 Merchant

6, 018,791 A 1/2000 Arimilli et al.
Khaleel, Austin, TX (US); David B.

6, 038,652 A 3/2000 Phillips et al.
Glasco, Austin, TX (US) 6, 052,769 A 4/2000 Huff et al.

6, 067,603 A 5/2000 Carpenter et al.
(73) Assignee: Newisys, Inc., Austin, TX (US) 6, 073,210 A 6/2000 Palanca et al.

6, 085,295 A 7/2000 Ekanadham et al.
Notice: Subject to any disclaimer, the term of this 6, 108,737 A 8/2000 Sharma et al.

patent is extended or adjusted under 35 6, 122,715 A 9/2000 Palanca et al.
U.S.C. 154(b) by 250 days.

(Continued)
(21) Appl. No.: 10/966,161 FOREIGN PATENT DOCUMENTS

(22) Filed: Oct. 15, 2004 WO WO 0239242 5/2002

(Under 37 CFR 1.47)
OTHER PUBLICATIONS

(65) Prior Publication Data
Guo, et al., "A Probe-Based Server Selection Protocol for Differ-

US 2007/0055826 Al Mar. 8, 2007 entiated Service Networks", 2002 IEEE, p. 2353-2357.*

(Continued)Related U.S. Application Data

Primary Examiner Brian R. Peugh(63) Continuation-in-part of application No. 10/288, 347,
(74) Attorney, Agent, or Firm Beyer Weaver LLP

filed on Nov. 4, 2002, now Pat. No. 7, 003,633.

(57) ABSTRACT
(51) Int. Cl.

G06F 12/00 (2006.01) A computer system having a plurality of processing nodes
(52) U.S. Cl. 711/148; 711/141 interconnected by a first point-to-point architecture is
(58) Field of Classification Search 711/141, described. Each processing node has a cache memory asso-

711/148, 131, 144, 145, 146; 709/206, 213, ciated therewith. A probe filtering unit is operable to receive
709/216, 217, 218, 219 probes corresponding to memory lines from the processing

See application file for complete search history. nodes and to transmit the probes only to selected ones of the

(56) References Cited processing nodes with reference to probe filtering informa-
tion. The probe filtering information is representative of

U.S. PATENT DOCUMENTS states associated with selected ones of the cache memories.

5, 195,089 A 3/1993 Sindhu et al.

5,394,555 A 2/1995 Hunter et al. 25 Claims, 25 Drawing Sheets
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HyperTransportu" 1/0 Link Specification Revision 1.03,
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ceedings of the 26th International Symposium on, May 2-4, 1999.
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U.S. Appl. No.: 10/288,347 (Now U.S. Pat. No. 7, 003,633), Notice
6,542,926 B2 4/2003 Zalewski et al. of Allowance, dated Sep. 12, 2005.
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Figure 7

Coherence Directory 701

Dirty Data Occupancy Vector
Mernory Line 711 State 713 Owner 715 717

Address 721 Invalid N/A N/A

Address 731 Invalid N/A N/A

Address 741 Shared N/A Clusters 1, 3

Address 751 Shared N/A Clusters 1, 2, 3, 4

Address 761 Owned Cluster 4 Cluster 2, 3, 4

Address 771 Owned Cluster 2 Cluster 2, 4

Address 781 Modified Cluster 2 N/A

Address 791 Modified Cluster 3 N/A
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Figure 8

Probe Filter Read Block (Read) 823 Read Block Modify
Information 821 (Read/Write) 825

Can use completion bit.Can use completion bit.Invalid 831 Probe home cluster. (801) Probe home cluster.
(809)

Shared 833 Can use completion bit.
Probe home cluster. (803) N/A (811)

Can use completion bit.

Owned 835 Probe remote cluster with
line cached in owned N/A (813)

state. (805)

Can use completion bit. Can use completion bit.Probe remote cluster withModified 837 line cached in modified Probe remote cluster.
(815)state. (807)
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Figure 11
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Figure 12
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Figure 14
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REDUCING PROBE TRAFFIC IN Other multiprocessor schemes involve individual proces-
MULTIPROCES SOR SYSTEMS sor, cache, and memory systems connected to other proces-

sors, cache, and memory systems using a network backbone
CROSS-REFERENCE TO RELATED such as Ethernet or Token Ring. Multiprocessor schemes

APPLICATIONS 5 involving separate computer systems each with its own

address space can avoid many cache coherency problems
The present application is a continuation-in-part of and because each processor has its own associated memory and

claims priority under 35 U.S.C. 120 to U.S. patent applica- cache. When one processor wishes to access data on a

tion Ser. No. 10/288,347 now U.S. Pat. No. 7,003,633 for remote computing system, communication is explicit. Mes-

METHODS AND APPARATUS FOR MANAGING 10 sages are sent to move data to another processor and
PROBE REQUESTS filed on Nov. 4, 2002 the entire messages are received to accept data from another processor
disclosure of which is incorporated herein by reference for using standard network protocols such as TCP/IP. Multipro-
all purposes. The subject matter described in the present cessor systems using explicit communication including
application is also related to U.S. patent application Ser. No. transactions such as sends and receives are referred to as

10/288,399 now U.S. Pat. No. 7, 103,726 for METHODS 15 systems using multiple private memories. By contrast, mul-
AND APPARATUS FOR MANAGING PROBE tiprocessor system using implicit communication including
REQUESTS filed on Nov. 4, 2002, the entire disclosure of transactions such as loads and stores are referred to herein as

which is incorporated herein by reference for all purposes. using a single address space.
Multiprocessor schemes using separate computer systems

BACKGROUND OF THE INVENTION 20 allow more processors to be interconnected while minimiz-

ing cache coherency problems. However, it would take

substantially more time to access data held by a remoteThe present invention generally relates to accessing data
processor using a network infrastructure than it would takein a multiple processor system. More specifically, the
to access data held by a processor coupled to a system bus.

present invention provides techniques for reducing memory
25 Furthermore, valuable network bandwidth would be con-transaction traffic in a multiple processor system. sumed moving data to the proper processors. This can

Data access in multiple processor systems can raise issues negatively impact both processor and network performance.relating to cache coherency. Conventional multiple proces- Performance limitations have led to the development of a
sor computer systems have processors coupled to a system point-to-point architecture for connecting processors in a

memory through a shared bus. In order to optimize access to
30 system with a single memory space. In one example, indi-

data in the system memory, individual processors are typi- vidual processors can be directly connected to each other
cally designed to work with cache memory. In one example, through a plurality of point-to-point links to form a cluster
each processor has a cache that is loaded with data that the of processors. Separate clusters of processors can also be
processor frequently accesses. The cache is read or written connected. The point-to-point links significantly increase the
by a processor. However, cache coherency problems arise

35 bandwidth for coprocessing and multiprocessing functions.
because multiple copies of the same data can co-exist in However, using a point-to-point architecture to connect
systems having multiple processors and multiple cache multiple processors in a multiple cluster system sharing a
memories. For example, a frequently accessed data block single memory space presents its own problems.corresponding to a memory line may be loaded into the Consequently, it is desirable to provide techniques for
cache of two different processors. In one example, if both

40 improving data access and cache coherency in systems
processors attempt to write new values into the data block at

having multiple processors connected using point-to-pointthe same time, different data values may result. One value links.
may be written into the first cache while a different value is
written into the second cache. A system might then be unable SUMMARY OF THE INVENTION
to determine what value to write through to system memory. 45

A variety of cache coherency mechanisms have been According to the present invention, various techniques are

developed to address such problems in multiprocessor sys- provided for reducing traffic relating to memory transactions
tems. One solution is to simply force all processor writes to in multi-processor systems. According to various specific
go through to memory immediately and bypass the associ- embodiments, a computer system having a plurality of
ated cache. The write requests can then be serialized before so processing nodes interconnected by a first point-to-point
overwriting a system memory line. However, bypassing the architecture is provided. Each processing node has a cache
cache significantly decreases efficiency gained by using a memory associated therewith. A probe filtering unit is oper-
cache. Other cache coherency mechanisms have been devel- able to receive probes corresponding to memory lines from
oped for specific architectures. In a shared bus architecture, the processing nodes and to transmit the probes only to
each processor checks or snoops on the bus to determine 55 selected ones of the processing nodes with reference to
whether it can read or write a shared cache block. In one probe filtering information. The probe filtering information
example, a processor only writes an object when it owns or is representative of states associated with selected ones of
has exclusive access to the object. Each corresponding cache the cache memories.
object is then updated to allow processors access to the most According to other embodiments, methods and apparatus
recent version of the object. 60 are provided for reducing probe traffic in a computer system

Bus arbitration is used when both processors attempt to comprising a plurality of processing nodes interconnected
write the same shared data block in the same clock cycle, by a first point-to-point architecture. A probe corresponding
Bus arbitration logic decides which processor gets the bus to a memory line is transmitted from a first one of the
first. Although, cache coherency mechanisms such as bus processing nodes only to a probe filtering unit. The probe is
arbitration are effective, using a shared bus limits the num- 65 evaluated with the probe filtering unit to determine whether
ber of processors that can be implemented in a single system a valid copy of the memory line is in any of the cache
with a single memory space. memories. The evaluation is done with reference to probe
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filtering information associated with the probe filtering unit FIG. 21 is a diagrammatic representation of a transaction
and representative of states associated with selected ones of flow in which local probe filtering is facilitated according to

the cache memories. The probe is transmitted from the probe a specific embodiment of the invention.

filtering unit only to selected ones of the processing nodes FIG. 22 is a diagrammatic representation of another
identified by the evaluating. Probe responses from the 5 transaction flow in which local probe filtering is facilitated
selected processing nodes are accumulated by the probe according to a specific embodiment of the invention.
filtering unit. Only the probe filtering unit responds to the
first processing node. DETAILED DESCRIPTION OF SPECIFIC

A further understanding of the nature and advantages of EMBODIMENTS

the present invention may be realized by reference to the io

remaining portions of the specification and the drawings. Reference will now be made in detail to some specific
embodiments of the invention including the best modes

BRIEF DESCRIPTION OF THE DRAWINGS contemplated by the inventors for carrying out the invention.
Examples of these specific embodiments are illustrated in

The invention may best be understood by reference to the 15 the accompanying drawings. While the invention is

following description taken in conjunction with the accom- described in conjunction with these specific embodiments, it

panying drawings, which are illustrative of specific embodi- will be understood that it is not intended to limit the
ments of the present invention, invention to the described embodiments. On the contrary, it

FIGS. 1A and 1B are diagrammatic representation depict- is intended to cover alternatives, modifications, and equiva-
ing a system having multiple clusters. 20 lents as may be included within the spirit and scope of the

FIG. 2 is a diagrammatic representation of a cluster invention as defined by the appended claims. Multi-proces-
having a plurality of processors. sor architectures having point-to-point communication

FIG. 3 is a diagrammatic representation of a cache coher- among their processors are suitable for implementing spe-
ence controller. cific embodiments of the present invention. In the following

FIG. 4 is a diagrammatic representation showing a trans- 25 description, numerous specific details are set forth in order
action flow for a data access request from a processor in a to provide a thorough understanding of the present inven-

single cluster. tion. The present invention may be practiced without some

FIG. 5A-5D are diagrammatic representations showing or all of these specific details. Well-known process opera-
cache coherence controller functionality. tions have not been described in detail in order not to

FIG. 6 is a diagrammatic representation depicting a trans- 30 unnecessarily obscure the present invention. Furthermore,
action flow for a request with multiple probe responses. the present application's reference to a particular singular

FIG. 7 is a diagrammatic representation showing a cache entity includes that possibility that the methods and appa-
coherence directory. ratus of the present invention can be implemented using

FIG. 8 is a diagrammatic representation showing probe more than one entity, unless the context clearly dictates
filter information that can be used to reduce the number of 35 otherwise.

probes transmitted to various clusters. According to various embodiments, techniques are pro-
FIG. 9 is a diagrammatic representation showing a trans- vided for increasing data access efficiency in a multiple

action flow for probing of a home cluster without probing of processor system. In a point-to-point architecture, a cluster
other clusters, of processors includes multiple processors directly con-

FIG. 10 is a diagrammatic representation showing a 40 nected to each other through point-to-point links. By using
transaction flow for probing of a single remote cluster, point-to-point links instead of a conventional shared bus or

FIG. 11 is a flow process diagram showing the handling external network, multiple processors are used efficiently in
of a request with probe filter information, a system sharing the same memory space. Processing and

FIG. 12 is a diagrammatic representation showing network efficiency are also improved by avoiding many of

memory controller filter information. 4.s the bandwidth and latency limitations of conventional bus
FIG. 13 is a diagrammatic representation showing a and external network based multiprocessor architectures.

transaction flow for probing a single remote cluster without According to various embodiments, however, linearly
probing a home cluster, increasing the number of processors in a point-to-point

FIG. 14 is a flow process diagram showing the handling architecture leads to an exponential increase in the number
of a request at a home cluster cache coherence controller 50 of links used to connect the multiple processors. In order to

using memory controller filter information, reduce the number of links used and to further modularize a

FIG. 15 is a diagrammatic representation showing a multiprocessor system using a point-to-point architecture,
transaction flow for a cache coherence directory eviction of multiple clusters may be used.
an entry corresponding to a dirty memory line. According to some embodiments, multiple processor

FIG. 16 is a diagrammatic representation showing a 55 clusters are interconnected using a point-to-point architec-
transaction flow for a cache coherence directory eviction of ture. Each cluster of processors includes a cache coherence
an entry corresponding to a clean memory line, controller used to handle communications between clusters.

FIG. 17 is a diagrammatic representation of a cache In one embodiment, the point-to-point architecture used to
coherence controller according to a specific embodiment of connect processors are used to connect clusters as well.
the invention. 60 By using a cache coherence controller, multiple cluster

FIG. 18 is a diagrammatic representation of a cluster systems can be built using processors that may not neces-

having a plurality of processing nodes and a probe filtering sarily support multiple clusters. Such a multiple cluster
unit. system can be built by using a cache coherence controller to

FIG. 19 is an exemplary representation of a processing represent non-local nodes in local transactions so that local
node. 65 nodes do not need to be aware of the existence of nodes

FIG. 20 is a flowchart illustrating local probe filtering outside of the local cluster. More detail on the cache

according to a specific embodiment of the invention, coherence controller will be provided below.
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In a single cluster system, cache coherency can be main- memory lines in a local cluster that are cached in a remote

tained by sending all data access requests through a serial- cluster. According to others, such a directory includes infor-
ization point. Any mechanism for ordering data access mation for locally cached lines. According to various

requests (also referred to herein as requests and memory embodiments, a coherence directory is used to reduce the
requests) is referred to herein as a serialization point. One 5 number of probes to remote quads by inferring the state of

example of a serialization point is a memory controller. local caches. According to some embodiments, such a

Various processors in the single cluster system send data directory mechanism is used in a single cluster system or

access requests to one or more memory controllers. In one within a cluster in a multi-cluster system to reduce the
example, each memory controller is configured to serialize number of probes within a cluster.
or lock the data access requests so that only one data access 10 FIG. 1A is a diagrammatic representation of one example
request for a given memory line is allowed at any particular of a multiple cluster, multiple processor system that can use

time. If another processor attempts to access the same the techniques of the present invention. Each processing
memory line, the data access attempt is blocked until the cluster 101, 103, 105, and 107 can include a plurality of

memory line is unlocked. The memory controller allows processors. The processing clusters 101, 103, 105, and 107
cache coherency to be maintained in a multiple processor, 15 are connected to each other through point-to-point links

single cluster system. 111af. In one embodiment, the multiple processors in the
A serialization point can also be used in a multiple multiple cluster architecture shown in FIG. 1A share the

processor, multiple cluster system where the processors in same memory space. In this example, the point-to-point
the various clusters share a single address space. By using a links 111a-fare internal system connections that are used in

single address space, internal point-to-point links can be 20 place of a traditional front-side bus to connect the multiple
used to significantly improve intercluster communication processors in the multiple clusters 101, 103, 105, and 107.
over traditional external network based multiple cluster The point-to-point links may support any point-to-point
systems. Various processors in various clusters send data protocol.
access requests to a memory controller associated with a FIG. 1B is a diagrammatic representation of another

particular cluster such as a home cluster. The memory 25 example of a multiple cluster, multiple processor system that
controller can similarly serialize all data requests from the can use the techniques of the present invention. Each pro-
different clusters. However, a serialization point in a mul- cessing cluster 121, 123, 125, and 127 can be coupled to a

tiple processor, multiple cluster system may not be as switch 131 through point-to-point links 141a-d. It should be
efficient as a serialization point in a multiple processor, noted that using a switch and point-to-point links allows

single cluster system. That is, delay resulting from factors 30 implementation with fewer point-to-point links when con-

such as latency from transmitting between clusters can necting multiple clusters in the system. A switch 131 can

adversely affect the response times for various data access include a processor with a coherence protocol interface.

requests. It should be noted that delay also results from the According to various implementations, a multicluster sys-
use of probes in a multiple processor environment. tem shown in FIG. 1A is expanded using a switch 131 as

Although delay in intercluster transactions in an architec- 35 shown in FIG. 1B.
ture using a shared memory space is significantly less than FIG. 2 is a diagrammatic representation of a multiple
the delay in conventional message passing environments processor cluster, such as the cluster 101 shown in FIG. 1A.

using external networks such as Ethernet or Token Ring, Cluster 200 includes processors 202a-202d, one or more

even minimal delay is a significant factor. In some applica- Basic PO systems (BIOS) 204, a memory subsystem com-

tions, there may be millions of data access requests from a 40 prising memory banks 206a-206d, point-to-point communi-

processor in a fraction of a second. Any delay can adversely cation links 208a-208e, and a service processor 212. The

impact processor performance. point-to-point communication links are configured to allow

According to various embodiments, probe management is interconnections between processors 202a-202d, PO switch
used to increase the efficiency ofaccessing data in a multiple 210, and cache coherence controller 230. The service pro-
processor, multiple cluster system. A mechanism for elicit- 45 cessor 212 is configured to allow communications with

ing a response from a node to maintain cache coherency in processors 202a-202d, PO switch 210, and cache coherence
a system is referred to herein as a probe. In one example, a controller 230 via a JTAG interface represented in FIG. 2 by
mechanism for snooping a cache is referred to as a probe. A links 214a-214f. It should be noted that other interfaces are

response to a probe can be directed to the source or target of supported. It should also be noted that in some implemen-
the initiating request. Any mechanism for filtering or reduc- so tations, a service processor is not included in multiple
ing the number of probes and requests transmitted to various processor clusters. PO switch 210 connects the rest of the
nodes is referred to herein as managing probes. In one system to PO adapters 216 and 220. It should further be

example, managing probes entails characterizing a request noted that the terms node and processor are often used
to determine if a probe can be transmitted to a reduced interchangeably herein. However, it should be understood
number of entities. 55 that according to various implementations, a node (e.g.,

In typical implementations, requests are sent to a memory processors 202a-202d) may comprise multiple sub-units,
controller that broadcasts probes to various nodes in a e.g., CPUs, memory controllers, PO bridges, etc.

system. In such a system, no knowledge of the cache line According to specific embodiments, the service processor
state needs to be maintained by the memory controller. All of the present invention has the intelligence to partition
nodes in the system are probed and the request cluster 60 system resources according to a previously specified parti-
receives a response from each node. In a system with a tioning schema. The partitioning can be achieved through
coherence directory, state information associated with vari- direct manipulation of routing tables associated with the
ous memory lines can be used to reduce the number of system processors by the service processor which is made
transactions. Any mechanism for maintaining state informa- possible by the point-to-point communication infrastructure.
tion associated with various memory lines is referred to 65 The routing tables are used to control and isolate various
herein as a coherence directory. According to some embodi- system resources, the connections between which are

ments, a coherence directory includes information for defined therein.
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The processors 202a-d are also coupled to a cache coher- mation maintained in the pending buffer 309 can include

ence controller 230 through point-to-point links 232a-d. Any transaction destination nodes, the addresses of requests for
mechanism or apparatus that can be used to provide com- subsequent collision detection and protocol optimizations,
munication between multiple processor clusters while main- response information, tags, and state information.
taining cache coherence is referred to herein as a cache 5 The cache coherence controller has an interface such as a

coherence controller. The cache coherence controller 230 coherent protocol interface 307 that allows the cache coher-
can be coupled to cache coherence controllers associated ence controller to communicate with other processors in the
with other multiprocessor clusters. It should be noted that cluster as well as external processor clusters. The cache
there can be more than one cache coherence controller in one coherence controller can also include other interfaces such
cluster. The cache coherence controller 230 communicates 10 as a non-coherent protocol interface 311 for communicating
with both processors 202a-d as well as remote clusters using with I/0 devices. According to various embodiments, each
a point-to-point protocol. interface 307 and 311 is implemented either as a full

More generally, it should be understood that the specific crossbar or as separate receive and transmit units using
architecture shown in FIG. 2 is merely exemplary and that components such as multiplexers and buffers. It should be
embodiments of the present invention are contemplated 15 noted, however, that the cache coherence controller 230 does

having different configurations and resource interconnec- not necessarily need to provide both coherent and non-

tions, and a variety of alternatives for each of the system coherent interfaces. It should also be noted that a cache
resources shown. However, for purpose of illustration, spe- coherence controller in one cluster can communicate with a

cific details of server 200 will be assumed. For example, cache coherence controller in another cluster.
most of the resources shown in FIG. 2 are assumed to reside 20 FIG. 4 is a diagrammatic representation showing the
on a single electronic assembly. In addition, memory banks transactions for a cache request from a processor in a system
206a-206d may comprise double data rate (DDR) memory having a single cluster without using a cache coherence
which is physically provided as dual in-line memory mod- controller or other probe management mechanism. A pro-
ules (DIMMs). I/0 adapter 216 may be, for example, an cessor 401-1 sends an access request such as a read memory
ultra direct memory access (UDMA) controller or a small 25 line request to a memory controller 403-1. The memory
computer system interface (SCSI) controller which provides controller 403-1 may be associated with this processor,
access to a permanent storage device. I/0 adapter 220 may another processor in the single cluster or may be a separate
be an Ethernet card adapted to provide communications with component such as an ASIC or specially configured Pro-
a network such as, for example, a local area network (LAN) grammable Logic Device (PLD). To preserve cache coher-
or the Internet. 30 ence, only one processor is typically allowed to access a

According to a specific embodiment and as shown in FIG. memory line corresponding to a shared address space at

2, both of I/0 adapters 216 and 220 provide symmetric 1/0 anyone given time. To prevent other processors from
access. That is, each provides access to equivalent sets of attempting to access the same memory line, the memory line
I/O. As will be understood, such a configuration would can be locked by the memory controller 403-1. All other
facilitate a partitioning scheme in which multiple partitions 35 requests to the same memory line are blocked or queued.
have access to the same types of I/O. However, it should also Access by another processor is typically only allowed when
be understood that embodiments are envisioned in which the memory controller 403-1 unlocks the memory line.

partitions without I/0 are created. For example, a partition The memory controller 403-1 then sends probes to the

including one or more processors and associated memory local cache memories 405, 407, and 409 to determine cache
resources, i.e., a memory complex, could be created for the 40 states. The local cache memories 405, 407, and 409 then in

purpose of testing the memory complex. turn send probe responses to the same processor 401-2. The

According to one embodiment, service processor 212 is a memory controller 403-1 also sends an access response such
Motorola MPC855T microprocessor which includes inte- as a read response to the same processor 401-3. The pro-
grated chipset functions. The cache coherence controller 230 cessor 401-3 can then send a done response to the memory
is an Application Specific Integrated Circuit (ASIC) sup- 45 controller 403-2 to allow the memory controller 403-2 to

porting the local point-to-point coherence protocol. The unlock the memory line for subsequent requests. It should be
cache coherence controller 230 can also be configured to noted that CPU 401-1, CPU 401-2, and CPU 401-3 refer to

handle a non-coherent protocol to allow communication the same processor.
with I/0 devices. In one embodiment, the cache coherence FIGS. 5A-5D are diagrammatic representations depicting
controller 230 is a specially configured programmable chip so cache coherence controller operation. The use of a cache
such as a programmable logic device or a field program- coherence controller in multiprocessor clusters allows the
mable gate array. creation of a multiprocessor, multicluster coherent domain

FIG. 3 is a diagrammatic representation ofone example of without affecting the functionality of local nodes in each
a cache coherence controller 230. According to various cluster. In some instances, processors may only support a

embodiments, the cache coherence controller includes a 55 protocol that allows for a limited number of processors in a

protocol engine 305 configured to handle packets such as single cluster without allowing for multiple clusters. The

probes and requests received from processors in various cache coherence controller can be used to allow multiple
clusters of a multiprocessor system. The functionality of the clusters by making local processors believe that the non-

protocol engine 305 can be partitioned across several local nodes are merely a one or more local nodes embodied

engines to improve performance. In one example, partition- 60 in the cache coherence controller. In one example, the

ing is done based on packet type (request, probe and processors in a cluster do not need to be aware of processors
response), direction (incoming and outgoing), or transaction in other clusters. Instead, the processors in the cluster
flow (request flows, probe flows, etc). communicate with the cache coherence controller as though

The protocol engine 305 has access to a pending buffer the cache coherence controller were representing all non-

309 that allows the cache coherence controller to track 65 local nodes. In addition, although generally a node may
transactions such as recent requests and probes and associate correspond to one or a plurality of resources (including, for
the transactions with specific processors. Transaction infor- example, a processor), it should be noted that the terms node
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and processor are often used interchangeably herein. nodes 553. When the remote request specifies local probing,
According to a particular implementation, a node comprises the cache coherence controller 543-1 generates probes to

multiple sub-units, e.g., CPUs, memory controllers, I/0 local nodes and the probed nodes provide responses to the

bridges, etc. processor 541-2. Once the cache coherence controller 543-1
It should be noted that nodes in a remote cluster will be 5 has received data from the non-local node portion 553, it

referred to herein as non-local nodes or as remote nodes. forwards a read response to the processor 541-3. The cache
However, non-local nodes refer to nodes not in a request coherence controller also forwards the final response to the
cluster generally and includes nodes in both a remote cluster remote memory controller associated with non-local nodes
and nodes in a home cluster. A cluster from which a data 553.
access or cache access request originates is referred to herein 10 FIG. 5D shows the cache coherence controller acting as a

as a request cluster. A cluster containing a serialization point remote processor. When the cache coherence controller
is referred to herein as a home cluster. Other clusters are 561-1 at a first cluster receives a request from a processor in
referred to as remote clusters. The home cluster and the a second cluster, the cache coherence controller acts as a first
remote cluster are also referred to herein as non-local cluster processor on behalf of the second cluster processor.
clusters. 15 The cache coherence controller 561-1 accepts the request

FIG. 5A shows the cache coherence controller acting as an from portion 575 and forwards it to a memory controller

aggregate remote cache. When a processor 501-1 generates 563-1. The cache coherence controller 561-2 then accumu-

a data access request to a local memory controller 503-1, the lates all probe responses as well as the data fetched and
cache coherence controller 509 accepts the probe from the forwards the final response to the memory controller 563-2
local memory controller 503-1 and forwards it to non-local 20 as well as to non-local nodes 575.
node portion 511. It should be noted that a coherence By allowing the cache coherence controller to act as an

protocol can contain several types of messages. In one aggregate remote cache, probing agent pair, remote memory,
example, a coherence protocol includes four types of mes- and remote processor, multiple cluster systems can be built

sages; data or cache access requests, probes, responses or using processors that may not necessarily support multiple
probe responses, and data packets. Data or cache access 25 clusters. The cache coherence controller can be used to

requests usually target the home node memory controller. represent non-local nodes in local transactions so that local
Probes are used to query each cache in the system. The probe nodes do not need to be aware of the existence of nodes

packet can carry information that allows the caches to outside of the local cluster.

properly transition the cache state for a specified line. FIG. 6 is a diagrammatic representation depicting the

Responses are used to carry probe response information and 30 transactions for a data request from a local processor sent to

to allow nodes to inform other nodes of the state of a given a non-local cluster using a cache coherence controller. The
transaction. Data packets carry request data for both write multicluster system includes a request cluster 600, a home

requests and read responses. cluster 620, and a remote cluster 640. As noted above, the

According to various embodiments, the memory address home cluster 620 and the remote cluster 640 as well as any
resides at the local memory controller. As noted above, 35 other clusters excluding the request cluster 600 are referred
nodes including processors and cache coherence controllers to herein as non-local clusters. Processors and cache coher-
outside of a local cluster are referred to herein as non-local ence controllers associated with local and non-local clusters
nodes. The cache coherence controller 509 then accumulates are similarly referred to herein as local processors, local
the response from the non-local nodes and sends a single cache coherence controllers, non-local processors, and non-

response in the same manner that local nodes associated 40 local cache coherence controllers, respectively.
with cache blocks 505 and 507 send a single response to According to various embodiments, processor 601-1 in a

processor 501-2. Local processors may expect a single probe local cluster 600 sends a data access request such as a read

response for every local node probed. The use of a cache request to a cache coherence controller 603-1. The cache
coherence controller allows the local processors to operate coherence controller 603-1 tracks the transaction in the
without concern as to whether non-local nodes exist. 45 pending buffer ofFIG. 3 and forwards the request to a cache

It should also be noted that components such as processor coherence controller 621 -1 in a home cluster 620. The cache
501-1 and processor 501-2 refer herein to the same compo- coherence controller 621-1 at the home cluster 620 receives
nent at different points in time during a transaction sequence. the access request and tracks the request in its pending
For example, processor 501-1 can initiate a data access buffer. In one example, information associated with the

request and the same processor 501-2 can later receive probe so requests are stored in the pending buffer. The cache coher-

responses resulting from the request. ence controller 621-1 forwards the access request to a

FIG. 5B shows the cache coherence controller acting as a memory controller 623-1 also associated with the home

probing agent pair. When the cache coherence controller cluster 620. At this point, the memory controller 623-1 locks
521-1 receives a probe from non-local nodes 531, the cache the memory line associated with the request. In one

coherence controller 521-1 accepts the probe and forwards 55 example, the memory line is a unique address in the memory
the probe to local nodes associated with cache blocks 523, space shared by the multiple processors in the request cluster
525, and 527. The cache coherence controller 521-2 then 600, home cluster 620, and the remote cluster 640. The
forwards a final response to the non-local node portion 531. memory controller 623-1 generates a probe associated with
In this example, the cache coherence controller is both the the data access request and forwards the probe to local nodes
source and the destination of the probes. The local nodes 60 associated with cache blocks 625 and 627 as well as to cache
associated with cache blocks 523, 525, and 527 behave as if coherence controller 621-2.
the cache coherence controller were a local processor with It should be noted that although messages associated with
a local memory request. requests, probes, responses, and data are described as for-

FIG. 5C shows the cache coherence controller acting as a warded from one node to another, the messages themselves
remote memory. When a local processor 541-1 generates an 65 may contain variations. In one example, alterations are made
access request that targets remote memory, the cache coher- to the messages to allow the multiple cluster architecture to

ence controller 543-1 forwards the request to the non-local be transparent to various local nodes. It should be noted that
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write requests can be handled as well. In write requests, the indicating to the memory controller that a memory line

targeted memory controller gathers responses and sends the should be unlocked can be referred to as a source done

responses to the processor when gathering is complete. message.
It should be noted that the transactions shown in FIG. 6The cache coherence controller 641-1 associated with the

5 show examples of cache coherence controllers performingremote cluster 640 receives a probe from cache coherence
controller 621-2 and probes local nodes associated with many different functions, including functions of remote

processors, aggregate local caches, probing agent pairs, andcache blocks 645, 647, and 649. Similarly, the cache coher-
ence controller 603-2 associated with the request cluster 600 remote memory as described with reference to FIGS.

5A-5D.receives a probe and forwards the probe to local nodes
io The cache coherence controller 621-1 at the home clusterassociated with cache blocks 605, 607, and 609 to probe the

620 is acting as a remote processor. When the cache coher-cache blocks in the request cluster 600. Processor 601-2
ence controller receives a request from a request clusterreceives probe responses from the local nodes associated

with cache blocks 605, 607, and 609. processor, the cache coherence controller is directed to act as

the requesting processor on behalf of the request cluster
According to various embodiments, cache coherence con-

15 processor. In this case, the cache coherence controller 621-1
troller 621-3 accumulates probe responses and sends the

accepts a forwarded request from processor 601-1 and sends
probe responses to cache coherence controller 603-3, which it to the memory controller 623-1, accumulates responsesin turn forwards the probe responses to the processor 601-3. from all local nodes and the memory controller 623-1, and
Cache coherence controller 621-4 also sends a read response forwards the accumulated responses and data back to the
to cache coherence controller 603-4, which forwards the

20 requesting processor 601-3. The cache coherence controller
read response to processor 601-4. While probes and probe 621-5 also forwards a source done to the local memory
responses carry information for maintaining cache coher- controller 623-2.
ency in the system, read responses can carry actual fetched The cache coherence controller 603-1 at the requestdata. After receiving the fetched data, processor 601-4 may cluster 600 is acting as a remote memory. As remote
send a source done response to cache coherence controller

25 memory, the cache coherence controller is designed to
603-5. According to various embodiments, the transaction is forward a request from a processor to a proper remote cluster
now complete at the requesting cluster 600. Cache coher- and ensure that local nodes are probed. In this case, the
ence controller 603-5 forwards the source done message to cache coherence controller 603-1 forwards a probe to cache
cache coherence controller 621-5. Cache coherence control- coherence controller 621-1 at a home cluster 620. Cache
ler 621-5 in turn sends a source done message to memory 30 coherence controller 603-2 also probes local nodes 605, 607,
controller 623-2. Upon receiving the source done message, and 609.
the memory controller 623-2 can unlock the memory line The cache coherence controller 641-1 at the requestand the transaction at the home cluster 620 is now complete. cluster 640 is acting as a probing agent pair. As noted above,
Another processor can now access the unlocked memory when a cache coherence controller acting as a probing agentline.

35 pair receives a probe from a remote cluster, the cache
It should be noted that because the cache coherence coherence controller accepts the probe and forwards it to all

controller 621-3 waits for remote cluster probe responses local nodes. The cache coherence controller accumulates the
before sending a probe response to cache coherence con- responses and sends a final response back to the request
troller 603-3, delay is introduced into the system. According cluster. Here, the cache coherence controller 641-1 sends a
to various embodiments, probe responses are gathered at 40 probe to local nodes associated with cache blocks 645, 647,
cache coherence controller 603-3. By having remote clusters and 649, gathers probe responses and sends the probe
send probe responses through a home cluster, both home responses to cache coherence controller 621-3 at home
cluster probe responses and remote cluster probe responses cluster 620. Similarly, cache coherence controller 603-2 also
can be delayed at the home cache coherence controller. In acts as a probing agent pair at a request cluster 600. The
one example, remote cluster probe responses have to travel 45 cache coherence controller 603-2 forwards probes to local
an additional hop in order to reach a request cluster. The nodes including local nodes associated with cache blocks
latency for transmission of a probe response between a 605, 607, and 609.
remote cluster and a request cluster may be substantially less The cache coherence controller 621-2 and 621-3 is also
than the latency for transmission of a probe response acting as an aggregate remote cache. The cache coherence
between a remote cluster and a request cluster through a so controller 621-2 is responsible for accepting the probe from
home cluster. Home cluster probe responses are also delayed the memory controller 623-1 and forwarding the probe to the
as a result of this added hop. other processor clusters 600 and 640. More specifically, the

As will be appreciated by one of skill in the art, the cache coherence controller 621-2 forwards the probe to

specific transaction sequences involving requests, probes, cache coherence controller 603-2 corresponding to request
and response messages can vary depending on the specific 55 cluster 600 and to cache coherence controller 641-1 corre-

implementation. In one example, a cache coherence con- sponding to remote cluster 640. As noted above, using a

troller 621-3 may wait to receive a read response message multiple cluster architecture may introduce delay as well as

from a memory controller 623-1 before transmitting both a other undesirable elements such as increased traffic and

probe response message and a read response message to a processing overhead.
cache coherence controller 603-3. In other examples, a 60 Probes are transmitted to all clusters in the multiple
cache coherence controller may be the actual processor cluster system even though not all clusters need to be

generating the request. Some processors may operate as both probed. For example, if a memory line associated with a

a processor and as a cache coherence controller. Further- request is invalid or absent from cache, it may not be

more, various data access request messages, probes, and necessary to probe all of the caches associated with the

responses associated with reads and writes are contem- 65 various clusters. In a system without a coherence directory,
plated. As noted above, any message for snooping a cache it is typically necessary to snoop all clusters. However, by
can be referred to as a probe. Similarly, any message for using a coherence directory, the number of transactions in
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the system can be reduced by probing only a subset of the represents the availability of the data in the cache of N
clusters (or nodes) in a system in order to minimize traffic clusters. Any mechanism for tracking what clusters hold a

and processing overhead. copy of the relevant memory line in cache is referred to

By using a coherence directory, global memory line state herein as an occupancy vector. The memory line with
information (with respect to each cluster) can be maintained 5 address 741 is in the shared state, and the occupancy vector

and accessed by a memory controller or a cache coherence 717 indicates that clusters 1 and 3 each have a copy of the
controller in a particular cluster. According to various shared memory line in cache.
embodiments, the coherence directory tracks and manages In the modified state, a memory line has been modified
the distribution of probes as well as the receipt of responses. and the modified copy exists in cache associated with a

If coherence directory information indicates that probing of 10 particular cluster. When a memory line is modified, dirty
a specific cluster is not required, the probe to the specific data owner information field 715 can be checked to deter-
cluster can be eliminated. In one example, a coherence mine the owner of the dirty data. Any mechanism for

directory indicates that probing of requesting and remote indicating what cluster owns a modified copy of the memory
clusters is not necessary. A cache coherence controller in a line in cache is referred to herein as a dirty data owner

home cluster probes local nodes without forwarding probes 15 information field. In one example, the memory line associ-
to the request and remote clusters. The cache coherence ated with address 781 is modified, and the dirty data owner

controller in the home cluster then sends a response to the field 715 indicates that cluster 2 owns the memory line.

request cluster after probe responses are received. However, In the owned state, a dirty memory line is owned by a

in typical multiple cluster systems, a requesting cluster single cache but may be resident in multiple caches. In this

expects a predetermined number of responses from the 20 case, the copy held in memory is stale. If the memory line
various probed clusters. In one example, if the multiple is in the owned state, dirty data owner field 715 can be
cluster system includes four clusters, a request cluster would accessed to determine which cluster owns the dirty data. In

expect probe responses associated with nodes in all four one example, the memory line associated with address 761
clusters, is in the owned state and is owned by cluster 4. The

According to various embodiments, the techniques of the 25 occupancy vector 717 can also be checked to determine

present invention provide a completion bit associated with a what other caches may have the relevant data. In this

probe response. The completion bit indicates to the request- example, the occupancy vector 717 indicates that clusters 2,
ing cluster that no other probe responses from other clusters 3, and 4 each have a copy of the data associated with the
should be expected. Any mechanisms for notifying a request memory line in cache.
cluster that no other probe responses should be expected 30 Although the coherence directory 701 includes the four
from other clusters is referred to herein as a completion states of modified, owned, shared, and invalid, it should be
indicator. In one example, a completion indicator is a noted that particular implementations may use a different set

completion bit included in the response sent to a request of states. In one example, a system may have the five states

cluster after local nodes are probed. In another example, a of modified, exclusive, owned, shared, and invalid. The

completion indicator is separate data transmitted to a request 35 techniques of the present invention can be used with a

cluster. By using a coherence directory and a completion variety of different possible memory line states.

indicator, the number of transactions associated with prob- The coherence directory tracks the various transactions

ing various clusters can be reduced. For example, with such as requests and responses in a multiple cluster system
reference to FIG. 6, probes to cache coherence controller to determine when memory lines are added to the coherence
603-2 and cache coherence controller 641-1 can be elimi- 40 directory, when memory lines are removed from the direc-
nated. A single response with a completion indicator can be tory, and when information associated with each memory
transmitted by cache coherence controller 621-4 to the line is updated. By using the coherence directory, specific
request cluster 600. embodiments of the present invention recognize that the

FIG. 7 is one example of a coherence directory that can number of transactions such as probes can be reduced by
be used to allow management and filtering of probes. 45 managing or filtering probes that do not need to be sent to

Various coherence directories are available. In one example, specific clusters. In addition, some embodiments employ
a full directory provides an entry for every memory line in this notion to manage or filter probes within a single cluster.
a system. In this example, the coherence directory is main- FIG. 8 is a diagrammatic representation showing probe
tained at the memory controller and is accessible by a cache filter information that can be used to reduce the number of
coherence controller. However, in a system with a large so transactions in a multiple or single cluster system. Any
amount of system memory, a full directory may not be criterion that can be used to reduce the number of clusters or

efficient or practical. According to various embodiments, a nodes probed is referred to herein as probe filter information.

sparse directory is provided with a limited number of entries Transactions such as probes can have a variety of charac-
associated with a selected set of memory lines. In one teristics. Characteristics of the probe include the next state

example, the coherence directory 701 includes state infor- 55 of the memory line associated with the probe which indi-
mation 713, dirty data owner information 715, and an cates the type of the associated request for instance whether

occupancy vector 717 associated with the memory lines 711. the probe is a read block (read) 823 or a read block modify
In some embodiments, the memory line states are modified, (read/write) 825. According to various embodiments, a

owned, shared, and invalid, coherence directory maintains information formemory lines
In the invalid state, a memory line is not currently 60 in the local cluster that are cached in non-local clusters,

available in cache associated with any remote cluster. In the where non-local clusters can include request and remote

shared state, a memory line may be present in more than one clusters. According to other embodiments, such a directory
cache, but the memory line has not been modified in any of includes information about locally cached lines.
these caches. When a memory line is in the shared state, an If the state of the memory line associated with a probe is

occupancy vector 717 can be checked to determine what 65 invalid 831 as indicated in the coherence directory, no copies
caches share the relevant data. An occupancy vector 717 of the memory line reside in other clusters (or other nodes

may be implemented as an N-bit string, where each bit for single cluster embodiments). Consequently, only the
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home cluster needs to be probed and a completion bit can be receives the access request and forwards the access request
used to indicate to a request cluster that the request cluster to a memory controller 1023-1, which then probes local
should expect only a single response from home cluster nodes 1025, 1027, and cache coherence controller 1021-2.
instead of a response from each of the clusters. If the The cache coherence controller 1021-2 determines charac-

memory line associated with the probe is in the shared state 5 teristics associated with the probe from the memory con-

833, and the transaction is a read transaction, only the home troller 1023-1 to determine whether remote probes are

cluster needs to be probed and a completion bit can again be needed and whether a completion bit can be used. Here, the
used to indicate to the request cluster that only a single cache coherence controller 1021-2 determines that only a

response from home cluster should be expected (803). remote cluster needs to be probed and does not forward a

For read transactions on owned memory lines, only the 10 probe to request cluster 1000.
remote cluster with the line cached in the owned state needs After cache coherence controller 1021-4 receives the
to be probed. The remote cluster can transmit the response probes from local nodes as well as the read response from
with a completion bit back to a request cluster. For trans- the memory controller 1023-1, a response message is not

actions on modified memory lines, the probe can be sent to transmitted to the request cluster because the remote cluster
the remote cluster with the line cached in the modified state. 15 is sending a response message with a completion indicator

Although transactions such as read block (read) and read is transmitted to the request cluster. With the completion
block modify (read/write) are described, it should be noted indicator, the request cluster does not wait for additional
that other transactions such as test and test and set are responses from other clusters. The response is forwarded to

contemplated. CPU 1001-4 and a source done message is sent from cache
FIG. 9 is a diagrammatic representation depicting one 20 coherence controller 1003-5 to home cluster cache coher-

example of transactions for probing only a home cluster as ence controller 1021-5. With the completion bit set in the
indicated in entries 801, 809, and 803 in FIG. 8. According response to CPU 1001-4, it does not wait for any other local
to various embodiments, processor 901-1 in a local cluster responses. After all responses from local nodes are received,
900 sends a data access request such as a read request to a the source done is then forwarded to memory controller
cache coherence controller 903-1. The cache coherence 25 1023-1, which can then perform updates of its coherence
controller 903-1 forwards the request to a cache coherence directory.
controller 921-1 in a home cluster 920. The cache coherence FIG. 11 is a process flow diagram showing one example
controller 921-1 at the home cluster 920 receives the access of a technique for handling requests at a home cache

request and forwards the access request to a memory con- coherence controller. At 1101, a request associated with a

troller 923-1, which then probes local nodes 925, 927, and 30 memory line is received. At 1105, the cache coherence
cache coherence controller 921-2. It should be noted that a controller forwards the request to the memory controller. At
cache coherence controller 921-1 is typically responsible for 1109, the cache coherence controller receives a probe from

updating the coherence directory during various transac- the memory controller and accesses a coherence directory
tions. The cache coherence controller 921-2 determines and probe filter information at 1113 to determine whether the
characteristics associated with the probe from the memory 35 number of probes to various clusters in the system can be
controller 923-1 to determine whether remote probes are reduced. At 1121, it is determined whether filtering and a

needed and whether a completion bit can be used. Here, the completion indicator can be used. In one example, it is
cache coherence controller 921-2 determines that no remote determined the filtering and a completion indicator can be

probes are needed and does not forward probes to the remote used by identifying the criteria specified in FIG. 8 and by
cluster 940 or to request cluster 900. 40 accessing a coherence directory as shown in FIG. 7.

After cache coherence controller 921-4 receives the probe If a completion indicator cannot be used, probes are

responses from local nodes as well as the read response from broadcast to the various nodes with no filtering and no

the memory controller 923-1, the response message with a completion bit 1145. If filtering and a completion indicator

completion indicator is transmitted to the request cluster, can be used, it is determined at 1131 if a remote cluster
With the completion indicator, the request cluster does not 45 should be probed. If a single remote cluster is the cluster that
wait for additional responses from other clusters. The coher- should be probed, the probe is forwarded with the comple-
ence controller 903-4 forwards the response with the tion indicator to the remote cluster at 1135. At 1139, home

completion bit set to CPU 901-4. After receiving the cluster probe responses are received but are not forwarded to

response with the completion bit set, the CPU does not wait the request cluster. The response is not sent to the request
for additional responses from the local caches. CPU 901-4 so cluster from home cluster because a remote cluster is
forwards a source done message to cache coherence con- sending a response with a completion indicator to the
troller 903-5 to home cluster cache coherence controller request cluster.
921-5, which can then perform updates of its coherence At 1149, source done information is received from the

directory. The source done is then forwarded to memory request cluster and forwarded to the memory controller. If it
controller 923-1. 55 is determined at 1131 that only the home cluster needs to be

FIG. 9 shows one example of a sequence where only the probed, then the cache coherence controller at 1141 does not

home cluster needs to be probed. FIG. 10 shows one send probes to any request or remote clusters and instead

example of a sequence where only a single remote cluster sends a response to the request cluster with a completion
needs to be probed. FIG. 10 is a diagrammatic representation indicator. The cache coherence controller sends the response
depicting an example of transactions for probing a remote 60 with the completion indicator after receiving home cluster
cluster as indicated in entries 805, 807, and 815 in FIG. 8. probe responses. At 1149, the cache coherence controller at

According to various embodiments, processor 1001-1 in a the home cluster receives source done information from the
local cluster 1000 sends a data access request such as a read request cluster and forwards the source done information to

request to a cache coherence controller 1003-1. The cache the memory controller.
coherence controller 1003-1 forwards the request to a cache 65 According to various embodiments, when the only cluster
coherence controller 1021-1 in a home cluster 1020. The that needs to be probed is the home cluster, only the nodes
cache coherence controller 1021-1 at the home cluster 1020 in the home cluster are probed. No probes are transmitted to
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any request or remote cluster. However, when the only ment, the determination can be made by using memory
cluster that needs to be probed is a remote or request cluster, controller filter information. If the probe characteristics fall
not only are the nodes in the remote cluster probed, but the within entries 1205, 1207, or 1215, the memory controller is
nodes in the home cluster are probed as well. As will be seen, bypassed and a probe is sent to cache coherence controller
in some embodiments, the nodes within a home cluster may 5 1341-1 in the remote cluster 1340. In one example, the probe
be filtered using probe filter information corresponding to is forwarded with an indication that a completion bit should
locally cached lines, be used.

According to various embodiments, the techniques of the The cache coherence controller 1321-1 in the home

present invention provide that when only a remote or request cluster 1320 is acting as a serialization point in place of the
cluster needs to be probed, the memory controller can 10 memory controller to maintain cache coherency. Once it is
sometimes be bypassed to allow probing of only the remote determined that the memory controller can be bypassed, the
or request cluster. In one example, a probe is not forwarded cache coherence controller 1321-1 blocks all other incoming
within the home cluster and a probe is forwarded directly to requests and outgoing probes until a final source done is
the remote cluster from the home cluster cache coherence received from the request cluster. The remote cluster cache
controller. 15 coherence controller 1341-1 probes remote cluster nodes

FIG. 12 is a diagrammatic representation showing exem- and sends a response with a completion indicator to the

plary memory controller filter information. Any criterion request cluster 1300. The response is forwarded to CPU
used to reduce the number of requests forwarded to a 1301-4 and a source done message is sent from cache

memory controller is referred to herein as memory controller coherence controller 1303-5 to home cluster cache coher-
filter information. Characteristics of a request can again be 20 ence controller 1321-5. The source done is not forwarded to

analyzed when a cache coherence controller receives the the memory controller, because the memory controller never

request from a request cluster. Requests can have a variety processed the transaction.
of characteristics. Some characteristics include whether the FIG. 14 is a flow process diagram showing request
request is a read block (read) 1223 or a read block modify handling at a home cache coherence controller using
(read/write) 1225. When the state of the memory line 25 memory controller filter information. At 1401, a request
associated with the request is invalid 1231, no remote probes associated with a particular memory line is received. At
are required because no remote clusters have a copy of the 1403, characteristics associated with the request are identi-

memory line in cache. In some embodiments, the cache fied. At 1411, it is determined if the memory controller can

coherence controller does not maintain knowledge of the be bypassed. According to various embodiments, memory
home cluster cache state. In such cases, the request is 30 controller filter information shown in FIG. 12 is used to

forwarded to the memory controller. In other embodiments, determine whether a memory controller can be bypassed. If
the cache coherence controller does maintain such informa- it is determined that a memory controller can be bypassed,
tion and uses it to reduce the number ofnodes probed within requests associated with the same memory line are blocked
the home cluster. at 1415 and a probe is sent to a remote or a request cluster.

For read block transactions on a shared memory line 35 At 1417, the memory line is unblocked after receiving a

1203, there is no need to probe the remote clusters as the source done from the request cluster. If it is determined at

home cluster contains a valid copy of the memory line in 1411 that a memory controller can not be bypassed, the
either cache or the memory controller. Consequently the request is forwarded to a serialization point 1405. The

request is forwarded to the memory controller. For read transaction sequence can then proceed with or without probe
block modify transactions on shared memory lines 1211, the 40 filtering and a completion indicator as shown in 1109 ofFIG.
local node state is unknown and the request is sent to the 11.

memory controller. As described above and according to some embodiments,
For read block transactions on an owned memory line a cache coherence directory is a mechanism associated with

1205, there is no need to send a request to the target or probe each cache coherence controller which facilitates the track-
local nodes as the owned state implies that the home cluster 45 ing by that cache coherence controller of where particular
caches are invalid or shared. A probe is forwarded directly memory lines within its cluster's memory are being cached
to the owning cluster to acquire the cached data. For read in remote clusters. That is, a portion of the global memory
block write transactions on an owned memory line 1213, the space for the multi-cluster system is associated with each
local state is unknown and consequently the request is cluster. The cache coherence directory enables the cache
forwarded to the memory controller. When the state of the so coherence controller in each cluster to track which memory
memory line associated with the request is modified 1237, lines from the portion ofthe global memory space associated
there is no need to probe local nodes, as a modified state with its cluster have been cached with processors in remote

implies the home cluster state is invalid. A probe is for- clusters.
warded to the cluster owning the memory line. Each cache coherence controller in each cluster has such

FIG. 13 shows one example ofa sequence where a request 55 a cache coherence directory associated with it. Given the
does not need to be forwarded to the home cluster memory size of the memory space associated with each cluster, it is
controller. According to various embodiments, processor not practical to have an entry in the coherence directory for
1301-1 in a local cluster 1300 sends a data access request each memory line. Rather, the directory is sized in relation
such as a read request to a cache coherence controller to the amount of cache memory associated with the proces-
1303-1. The cache coherence controller 1303-1 forwards the 60 sors in all remote clusters, a much smaller amount of

request to a cache coherence controller 1321-1 in a home memory. That is, the coherence directory is an associative
cluster 1320. The cache coherence controller 1321-1 at the memory which associates the memory line addresses with
home cluster 1320 receives the access request and deter- their remote cache locations. According to one embodiment,
mines whether the memory controller can be bypassed. the cache coherence directory is fully associative. According
Forwarding a probe to a remote or request cluster without 65 to another embodiment, the directory is set-associative.

forwarding the request to a memory controller is referred to According to a specific embodiment, a typical entry in the
herein as bypassing the memory controller. In one embodi- cache coherence directory includes the memory address
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corresponding to the cached memory line, the remote cache In a conventional multiprocessor system, i.e., a system
location, whether the line is "clean" or "dirty, and whether which does not have remote clusters of processors, there
the associated processor has read-only access or read/write typically are not mechanisms by which external requests to

access. This information corresponds to the standard coher- a particular processor may be generated for the purpose of

ence protocol states which include "invalid" (not cached in 5 instructing the processor how to manage its cache. That is,
any remote clusters), "shared" (cached as "clean" and read- in such a system, each processor is responsible for main-

only), "modified" (cached as "dirty" and read/write), and taining its own cache and evicting and/or writing lines back

"owned" (cached as "dirty" but read-only). A coherence to memory to free up room for new entries. Thus, there is no

directory entry also includes one or more fields identifying provision for allowing one processor to instruct another

which, if any, of the remote clusters have the line cached in 10 processor to write a particular line back to memory. Simi-

the "dirty" state, and which other clusters have the line larly, there is no provision for allowing one processor to

cached in the "shared" state. instruct another processor to invalidate a particular line in its
cache without returning any data. That is, transactionsWhen the cache coherence controller in a particular bcluster, e.g., the home cluster, receives a request for a

etween processor in a cache coherence protocol typically
15 assume that one processor is trying to get a copy of the lineparticular memory line in its memory, it transmits the

from the other. Therefore, according to the present inven-
request to a memory controller associated with one of the
local nodes to which the requested address maps, e.g., the tion, mechanisms are provided for a system having a plu-

rality of multiprocessor clusters by which such requests mayhome controller. To determine whether the most recently
modified copy ofthe memory line resides in any of the cache be generated.
memories in the system, the home controller then generates

20 According to various specific embodiments of the inven-

probes to all of the nodes in the cluster (including the cache tion, the semantics of transaction types developed for a

single cluster system are altered to enable external devicescoherence controller) asking whether any of the nodes have
the requested memory line stored in their corresponding to generate requests to specific processors to invalidate

caches in either a "dirty" (i.e., modified) or "clean" (unmodi- cache entries and to write cache entries back to memory.

fied) state. These probes can tell the nodes to invalidate their 25 According to one embodiment which assumes the multi-
cluster architecture described above, one such transactioncopies of the memory line, as well as to return the memory

line in the case where the memory line has been modified. type referred to herein as a "sized write" (i.e., a partial line

Because the cache coherence controller in each cluster
write to memory) is employed to achieve the effect of

instructing a processor having a "dirty" copy of a memory
maps to the remainder of the global memory space outside

30 line stored in its cache to write the line back to memory.of its cluster, it is responsible for ensuring that the appro-
The sized write transaction normally allows a processor topriate processors in remote clusters receive corresponding

initiate a write to a any arbitrarily sized portion of a memoryprobes. This is where the cache coherence directory comes
line (e.g., a particular byte or the entire line). That is, ainto play. Without such a mechanism, the cache coherence

35
request to write the byte to the memory line is sent to thecontroller would have to transmit probes to all of the nodes

in all of the remote clusters having cache memories asso- memory controller which maps to the memory line. The

ciated with them. By contrast, because the cache coherence memory controller then sends out a request to any other

directory provides information about where memory lines caches in the system having the corresponding line in the

"dirty" state. If a positive response is received, i.e., if a
are cached as well as their states, probes only need be

modified copy of the line is returned in response to thedirected toward the clusters in which the requested memory 40 request, the memory controller than merges the original byteline is cached. The state of a particular cached line will
with the retrieved memory line, and then writes the mergeddetermine what type of probe is generated. As will be seen,

such a cache coherence controller may also be configured to line back to memory.

include information about locally cached memory lines and Generally speaking, the eviction of a cache coherence

be operable to use such information to reduce the number of directory entry corresponding to a "dirty" line in a remote

probes within its cluster.
45 cache requires that the remote cache write the line back to

memory and invalidate its copy. Thus, a transaction isThe associative nature of the cache coherence directory of
the present invention necessitates an eviction mechanism so

needed which results in the following actions:

that the most relevant information may be maintained in the 1. A write back is generated for the cached memory line,
limited number of directory entries. In addition, the distrib- 50 2. The copy of the line in the cache is invalidated, and

uted, multi-cluster architecture described herein also 3. The eviction mechanism is notified when the memory
requires that the eviction mechanism be able to guarantee line has been written back to memory.
that the memory line corresponding to an evicted directory According to a specific embodiment of the invention, the
entry is purged from all remote caches. As mentioned above, semantics of the sized write transaction are altered resulting
the directory entry field indicating the location(s) of the 55 in a transaction having these characteristics. The altered
memory line helps to reduce the number of transactions sized write is generated such that no data are provided for
required to effect this purging. In addition, the appropriate the partial write, i.e., the sized write request has zero size.
type of request to effect the purging depends on the state of When the cache coherence directory associated with the
the remotely cached memory lines, cache coherence controller in a particular cluster, i.e., the

Thus, if a directory entry to be purged indicates that the 60 home cluster, determines that it needs to evict an entry which
line is only cached in the "clean" state, what is required is corresponds to remotely cached "dirty" memory line, it
a mechanism which invalidates the memory line in each of generates a sized write request specifying no data and directs
the remote caches in which the line is cached. On the other the request to the local memory controller corresponding to

hand, if the directory entry indicates that the line is in the the memory line, i.e., the home memory controller. The

"dirty" state in any of the remote caches, the modified 65 home memory controller then generates probes to all of the

memory line to memory must first be written back to local nodes in the cluster (including the cache coherence

memory before the line is invalidated, controller) requesting the most recent copy of the memory
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line. The local nodes respond as described above, returning normally be consumed to send the line from the memory
any dirty copy of the line and invalidating the corresponding controller to the processor or PO bridge, which would be
entries in their caches. completely overwritten.

As described above, the cache coherence controller for- Therefore, according to a specific embodiment of the
5wards the probe to the appropriate remote cluster(s) based invention, when the cache coherence directory associated

with the cache coherence controller in a particular cluster,
on the information in its associated cache coherence direc-

i.e., the home cluster, determines that it needs to evict an
tory which indicates the existence and location of any

entry which corresponds to one or more remotely cached
remotely cached copies of the memory line. The nodes in "clean" memory lines, it generates a validate block requestremote clusters which receive the probe behave similarly to

10 and directs the request to the local memory controller
the local nodes in that they respond by returning any dirty corresponding to the memory line, i.e., the home memory
copy of the line and invalidating the corresponding entries in controller. The home memory controller then generatestheir caches. invalidating probes to all of the local nodes in the cluster

The home memory controller receives the "dirty" copy of (including the cache coherence controller). The local nodes
the memory line (if one exists), performs a NOP (because 15 invalidate their copies of the memory line and send con-
there are no data to merge with the modified line), writes the firming responses to home memory controller indicating that
line back to memory, and notifies the cache coherence the invalidation took place.
directory (i.e., the originator of the transaction) that the The cache coherence controller forwards the invalidating
transaction is complete. In this way, the "altered" sized write probe to the appropriate remote cluster(s) based on the
transaction is employed to achieve the effect of instructing 20 information in its associated cache coherence directory
a remote processor to write back a specific "dirty" line in its which indicates the existence and location of any remotely
cache to memory. cached copies of the memory line. The remote nodes behave

According to a specific embodiment of the invention, the similarly to the local nodes in that they also invalidate any
notification by the home memory controller that the trans- copies of the memory line and send the corresponding
action is complete plays an important part in avoiding race 25 responses back to the cache coherence controller in the
conditions. That is, because the coherence directory is in flux home cluster. The cache coherence controller aggregates the

during the period of time required to complete an eviction, responses and transmits the aggregated response to the home
it is possible that subsequent transactions corresponding to memory controller.
the same memory line might be generated somewhere in the The home memory controller receives the responses from

system. Fortunately, as described above, the memory con- 30 the local nodes and the cache coherence controller, and
trollers of the multi-cluster architecture described herein act notifies the cache coherence directory (i.e., the originator of
as serialization points for memory transactions. That is, once the transaction) that the transaction is complete. The cache
a memory controller accepts a transaction for one of its coherence directory then transmits a "source done" to the

memory lines, it blocks all other transaction to that same memory controller in response to which the memory line is

memory line. Therefore, once the home memory controller 35 freed up for subsequent transactions. In this way, the validate

accepts the sized write transaction, it does not allow any block transaction is employed to achieve the effect of
further transactions for the same memory line until the instructing a remote processor to invalidate its copy of a

eviction process is completed. "clean" memory line. As with the altered sized write trans-

Generally speaking, the eviction of a cache coherence action, the home memory controller acts as a serialization

directory entry corresponding to a "clean" line in a remote 40 point for the validate block transaction thereby avoiding race

cache requires that the remote cache invalidate its copy. conditions caused by subsequent transactions corresponding
Thus, a transaction is needed which results in the following to the same memory line.

actions: As described above, the eviction mechanism employed to

effect an eviction of an entry from the cache coherence1. The copy of the line in the cache is invalidated, and
45 directory may depend on the indicated state of the corre-

2. The eviction mechanism is notified when the invalida- sponding memory line, e.g., "clean" vs. "dirty." Accordingtion is complete. to specific embodiments of the invention, the determination
According to some embodiments, the zero sized write ofwhich ofthe existing entries is to be evicted to make room

described above is employed as described with reference to for a new entry may be done in a wide variety of ways. For
dirty lines. According to another embodiment of the inven- so example, different approaches might select the oldest or least
tion, the semantics for another type of transaction referred to frequently used entries. According to one embodiment,
herein as a "validate block" transaction are altered to "modified" lines are chosen ahead of "shared" lines, with a

achieve these results. That is, the semantics of the validate random mechanism being employed to select among like
block transaction are altered such that it has the effect of copies. It will be understood that any kind of policy for
instructing remote systems nodes having "clean" copies of a 55 selecting the entry to be evicted may be employed without
memory line to invalidate those lines in their caches without departing from the scope of the invention.
resulting in any returned copies of the line in response to the As described above, the serialization point of the home
request. memory controller guarantees that transactions to the

The validate block transaction is normally intended for memory line corresponding to the directory entry being
the case in which a processor or PO device (via the PO 60 evicted will be locked out once the home memory controller

bridge) writes an entire memory line of data atomically. This receives the sized write or validate block request from the

might occur, for example, when an PO device, such as a disk directory. However, it is possible that conflicting transac-

drive, is writing blocks of data to memory. Such a transac- tions may be generated during the time between when the
tion does not require a data response from the memory cache coherence directory to evict a particular entry and the
controller responsible for the memory line. In such a case, 65 corresponding request is received by the memory controller.
however, there still is a need to invalidate all cached copies Until the sized write or validate block request corresponding
of the line. The transaction saves the bandwidth that would to the entry being evicted is received by the memory
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controller, it is desirable to guarantee that any other requests coherence controller 1507-2 then forwards the dirty data
corresponding to the same memory line are properly ser- response back to the cache coherence controller 1506-2 in
viced. the home cluster which forwards the response to the home

Therefore, according to a specific embodiment of the memory controller 1502-3.
invention, an eviction buffer is provided in the cache coher- 5 The home memory controller 1502-3 receives the dirty
ence directory in which the directory places the entry it has data response and merges the modified data with the data
determined should be evicted. The entry in the eviction from the sized write request (i.e., no data). Once all
buffer remains visible to the cache coherence controller as responses from the local nodes are received by the home
one of the entries in the directory, i.e., the cache coherence memory controller 1502-3, a target done (TD) message is
controller cannot distinguish between entries in the directory 10 sent by the home memory controller 1502-3 to the cache
and entries in the eviction buffer. The entry in the eviction coherence directory 1501-2 which completes the transaction
buffer remains there until the home memory controller with a source done (SD) message back to the home memory
receives the corresponding eviction request from the cache controller 1502-4, which then unlocks the memory line for
coherence directory and the cache coherence controller subsequent transactions. As mentioned above, this mecha-
receives a probe corresponding to the eviction request, at 15 nism may also be employed to evict directory entries cor-

which point the entry in the eviction buffer is invalidated, responding to "clean" memory lines.
However, if an intervening request corresponding to the FIG. 16 is a diagrammatic representation showing a

entry in the eviction buffer is received, it may be processed transaction flow for an eviction of a directory entry corre-

by the cache coherence controller with reference to the sponding to a "clean" memory line according to another
eviction buffer entry and, because of the ordering of trans- 20 specific embodiment of the invention. When the cache
actions at the memory controller serialization point, it is coherence directory 1601-1 determines that an eviction of

guaranteed that this intervening transaction will complete one of its entries showing a "clean" state must occur it places
before the eviction request is serviced by the memory the entry to be evicted into its eviction buffer and generates
controller. In this way, a cache coherence directory entry a validate block request for the corresponding memory line

may be "earmarked" for eviction, but may still be used for 25 and sends the request to the local memory controller respon-
servicing subsequent requests until the memory line is sible for the memory line, i.e., the home memory controller
locked by the home memory controller for the eviction 1602-1.

process. According to a specific embodiment, if the eviction Assuming the memory line is not locked, the home
buffer is full, a status bit instructs the cache coherence memory controller 1602-1 accepts the validate block request
controller to stall, i.e., to queue up any new requests for 30 and generates invalidating probes to all nodes in its cluster
which there are no corresponding entries already in the including local nodes 1603-1605 and cache coherence con-

cache coherence directory. troller 1606-1. Each of the local nodes 1603-1605 invali-
FIG. 15 is a diagrammatic representation showing a dates any copies of the memory line and responds accord-

transaction flow for a cache coherence directory eviction of ingly to the home memory controller 1602-2. When the
a directory entry corresponding to a "dirty" memory line 35 cache coherence controller 1606-1 in the home cluster

according to a specific embodiment of the invention. When receives the invalidating probe, it forwards the invalidating
the cache coherence directory 1501-1 determines that an probe to any remote clusters having a copy of the memory
eviction of one of its entries showing a "dirty" state must line according to the directory information (i.e., the entry in
occur, e.g., in response to a new request for which no entry the eviction buffer). The directory entry in the eviction buffer
exists, it places the entry to be evicted into its eviction buffer 40 is then invalidated.
and generates a sized write request (having zero size) to the The cache coherence controller 1607-1 in any such
local memory controller responsible for the memory line remote cluster receives the invalidating probe and forwards

corresponding to the directory entry being evicted, i.e., the it to the local nodes in the remote cluster, i.e., local nodes
home memory controller 1502-1. 1608-1610. Each of the local nodes 1608-1610 having a

Assuming a previous transaction corresponding to the 45 copy of the line invalidates its copy and responds accord-
same memory line is not currently being processed, the ingly to the cache coherence controller 1607-2. The cache
home memory controller 1502-1 accepts the sized write coherence controller 1607-2 aggregates and forwards these

request and generates invalidating probes to all nodes in its responses back to the cache coherence controller 1606-2 in
cluster including local nodes 1503-1505 and cache coher- the home cluster which sends a source done (SD) message
ence controller 1506-1. Each of the local nodes 1503-1505 so to the home memory controller 1602-3, which then unlocks
invalidates any copies of the memory line and responds the memory line for subsequent transactions.

accordingly to the home memory controller 1502-2. When In general, the entry in the eviction buffer may be invali-
the cache coherence controller 1506-1 in the home cluster dated by an earlier request, such as a write by a local
receives the invalidating probe, it forwards the invalidating processor. When the invalidating probe, associated with the

probe to the remote cluster having the dirty copy of the 55 eviction request, reaches the coherence controller, it will find

memory line according to the directory information (i.e., the the directory entry in the eviction buffer invalid. In this case,

entry in the eviction buffer). The directory entry in the the coherence controller responds to the request without
eviction buffer is then invalidated, generating any remote probes.

The cache coherence controller 1507-1 in the remote The foregoing description assumes that the cache coher-
cluster receives the invalidating probe and forwards it to the 60 ence directory includes processing functionality, e.g., an

local nodes in the remote cluster, i.e., local nodes 1508- eviction manager, which may, according to different
1510. The local node having the "dirty" copy of the memory embodiments of the invention, be implemented in a variety
line replies to cache coherence controller 1507-2 with a dirty of ways. For example, the directory may include its own

data response (i.e., returning the modified copy of the memory controller configured to manage the directory and

memory line from its cache), and the other local nodes reply 65 implement the various functionalities described above.
with clean responses. In addition, any copies of the memory Alternatively, these functionalities may reside in application
line in the remote cluster's caches are invalidated. The cache specific hardware, e.g., an ASIC, as a separate eviction
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manager. A further alternative might configure the cache not include copies of the requested memory line depending
coherence controller to incorporate at least some of the on whether a valid copy of the line existed in the caches
functionalities described. associated with these nodes. To account for the case in which

According to a specific embodiment illustrated in FIG. 17, the memory line does not exist in any of the caches, MC
the eviction manager 1702 is part of the cache coherence 5 403-1 also generates a read response back to the requesting
directory 1701 which is a functional block within the cache CPU 401-3 which includes the memory line retrieved from
coherence controller 1700. The protocol engine 1705 (which main memory.
may actually be one or more protocol engines) is responsible In implementations without local probe filtering, CPU
for processing transactions and corresponds to the CCC 401 is programmed to expect responses from each of the
blocks in FIGS. 15 and 16. The cache coherence directory 10 nodes probed (including its own node) as well as a response
corresponds to the DIR blocks in FIGS. 15 and 16. The from memory controller MC 403. It will only send the
remaining blocks within controller 1700 are similar to the "source done" message to the memory controller (which
corresponding blocks described above with reference to then unlocks the memory line) when all of the expected
FIG. 3. Eviction manager 1702 communicates with protocol messages have been received. Thus, where the requested
engine 1705 via coherent interface 1707. The protocol 15 memory line is not held by a particular node's cache, there

engine 1705 communicates with the coherence directory via is unnecessary probe related traffic consuming the precious
a dedicated interface, which is used to communicate lookup bandwidth of the system's point-to-point infrastructure.
and update commands and responses. It will be understood that the foregoing is an exemplary

The basic architecture of FIG. 17 may also be used to read transaction in which the probe responses and read

implement a probe filtering unit which is operable to reduce 20 responses are directed to the requesting processor. It should

probe traffic within a cluster of processing nodes. Various also be understood that the present invention is applicable to

embodiments of such a probe filtering unit are described operations in which the responses are directed to the
below with reference to FIGS. 18-22. memory controller, e.g., write operations. The former probe

As described above with reference to FIGS. 12-14, responses are precipitated by what is called a probe source;
embodiments of the invention are contemplated in which the 25 the latter by a probe target. Probes also include "next state"

memory controller in the home cluster may be bypassed information which indicates to each node what the state of
with reference to characteristics of a received request in its copy of the line should be at the end of the transaction.
accordance with, for example, the memory controller infor- According to a specific embodiment, the next state infor-
mation described with reference to FIG. 12. According to mation indicates one of three possibilities, i.e., that there
such embodiments, if the request is forwarded to the 30 should be no change to the line status, that it should be

memory controller in the home cluster, all of the local nodes moved to "shared, or moved to "invalid." In general, for the
in the home cluster are then probed as shown in and typical memory transaction depicted in FIG. 4, each of the
described above with reference to FIG. 4. On the other hand, nodes in the cluster is "consulted" and makes its own

if the request is not forwarded to the memory controller in independent assessment of how to proceed based on its
the home cluster, none of the local nodes are probed. 35 current condition.

As will be understood, such embodiments are effective in As mentioned above, the filtering of probes within a

reducing unnecessary probe traffic in the former case, but cluster, i.e., local probe filtering, may be implemented in

may still generate unnecessary probes in the latter. That is, systems having multiple clusters as well as systems having
for example, in cases where the memory controller filter a single cluster of processors. In the former and as described
information of FIG. 12 indicates that a valid copy of the 40 above, the probe filtering functionalities described herein

requested memory line may exist in the home cluster, all of may be implemented in a cache coherence controller which
the local nodes in the home cluster end up being probed facilitates communication between clusters. In the latter,
whether or not they have valid copies of the line in their these functionalities may be implemented in a device which
caches. It is therefore desirable to provide techniques by will be referred to herein as a probe filtering unit (PFU)
which probe traffic may be more precisely "filtered" and 45 which may occupy a similar location in the cluster as the

system performance may be further enhanced. It will be cache coherence controller, and may include some subset of
understood that any reference herein to "filtering" includes the other functionalities of the cache coherence controller. In

any mechanism or technique by which the number of either case, it should be noted that the functionalities

recipients of a probe is reduced. described may be implemented in a single device, e.g., a

According to specific embodiments of the invention, the so cache coherence controller or probe filtering unit, or be

techniques described above are adapted to reduce the num- distributed among multiple devices including, for example,
ber of probes within a cluster. Such techniques are referred the processing nodes themselves. It should be understood
to herein as local probe filtering. It should be noted that the that the use of the term "probe filtering unit" or "PFU" in the

following discussion applies both to systems having mul- following discussion is not intended to be limiting or exclu-

tiple multi-processor clusters such as those described above, 55 sive. Rather, any device or object operable to perform the
as well as to systems having multiple processing nodes described functionalities, e.g., a cache coherency controller

configured in a single cluster, as described herein, is within the scope of the invention.
The behavior of a single cluster of processors imple- FIG. 18 is a diagrammatic representation of a multiple

mented without local probe filtering will now be described processor system 1800 in which embodiments of the inven-

again with reference to FIG. 4. CPU 401-1 sends a read 60 tion relating to the filtering of probes within a single cluster

request to memory controller MC 403-1 which is respon- of processors may be practiced. System 1800 may comprise
sible for controlling access to the memory range including one cluster in a multiprocessor system (as described above
the line identified in the request. If the memory controller with reference to FIG. 2) or the entirety of a single cluster
MC 403-1 is available to respond to the request, it generates system. System 1800 includes processing nodes 1802a-

probes to the other processing nodes in the system (405, 407 65 1802d, one or more Basic I/0 systems (BIOS) 1804, a

and 409), each of which sends a probe response back to the memory subsystem comprising memory banks 1806a-

requesting CPU 401-2. These probe responses may or may 1806d, and point-to-point communication links 1808a-
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1808e. The point-to-point communication links are config- be written to handshake registers 1908 for eventual storage
ured to allow interconnections between processing nodes in routing tables 1906a-1906c. It should be understood that
1802a-1802d, I/0 switch 1810, and probe filtering unit 1830 the processor architecture depicted in FIG. 19 is merely
according to a point-to-point communication protocol. exemplary for the purpose of describing a specific embodi-

According to embodiments having multiple clusters of 5 ment of the present invention. For example, a fewer or

processors, PFU 1830 may comprise a cache coherence greater number ofports and/or routing tables may be used to

controller which facilitates communication with remote implement other embodiments of the invention.
clusters as described above. According to one embodiment, According to a specific embodiment, the processing nodes
PFU 1830 is an Application Specific Integrated Circuit in a single cluster are programmed according to their normal
(ASIC) supporting the local point-to-point coherence pro- 10 setup rules with a few exceptions. First, the broadcast
tocol. PFU 1830 can also be configured to handle a non- routing tables in each of the nodes are programmed such that
coherent protocol to allow communication with I/0 devices, the broadcasts initiated from each node go directly to the
In one embodiment, PFU 1830 is a specially configured PFU rather than on all of the node interfaces. Second, the
programmable chip such as a programmable logic device or broadcast routing table in each node is programmed such
a field programmable gate array. An exemplary architecture 15 that broadcasts originating from the PFU enter the node and
for PFU 1830 may be implemented as described above with are not forwarded to any other node. Third, each node is
reference to FIG. 17. I/0 switch 1810 connects the rest of the programmed to expect only one or two probe responses
system to I/0 adapters 1816 and 1820. As mentioned above instead of one from each node in the system. More specifi-
with reference to FIG. 2, it should be understood that a node cally, each node is programmed to expect one probe
(e.g., processing nodes 1802a-1802d) may comprise mul- 20 response if the PFU contains temporary storage to hold dirty
tiple sub-units, e.g., CPUs, memory controllers, I/0 bridges, data, and two if it does not. Some of the exemplary embodi-
etc. ments described below will assume the latter. However, this

According to various embodiments of the invention, should not be construed as limiting the scope of the inven-
processing nodes 1802a-1802d are substantially identical. tion.
FIG. 19 is a simplified block diagram of such a processing 25 Referring now to FIG. 20, when a memory controller
node 1802 which includes an interface 1902 having a

generates a probe (2002), the node's routing table is con-
plurality of ports 1904a-1904c and routing tables 1906a- sulted (2004) and the probe is sent only to the PFU (2006),1906c associated therewith. Each port 1904 allows commu- and not to any of the nodes (including the node associated
nication with other resources, e.g., processors or I/0 devices, with the memory controller). The PFU accepts the probe and
in the computer system via associated links, e.g., links 30 looks up the address in its directory of shared cache states
1808a-1808e of FIG. 18. (2008). According to a specific embodiment, the directory of

The infrastructure shown in FIG. 19 can be generalized as shared states may be implemented as described above with
a point-to-point, distributed routing mechanism which com- reference to FIGS. 7 and 8, and indicates where particularprises a plurality of segments interconnecting the systems memory lines are cached within the cluster. According to
processors according to any of a variety of topologies, e.g., 35 various embodiments, the directory may be full or sparse.ring, mesh, etc. Each of the endpoints of each of the And in embodiments where the directory is sparse, eviction
segments is associated with a connected processing node mechanisms such as those described above with reference to
which has a unique node ID and a plurality of associated the cache coherence controller may be employed.
resources which it "owns, e.g., the memory and I/0 to

which it's connected. 40
If the directory lookup determines that the cache line is

not cached anywhere in the system, i.e., ignoring theThe routing tables associated with each of the nodes in the
distributed routing mechanism collectively represent the requesting node (2010), then the PFU responds to the probe

with no traffic generated to any of the other nodes. That is,current state of interconnection among the computer system the response is sent back to the correct unit (either the CPU
resources. According to a specific embodiment, each node
has different routing tables for requests, broadcasts (e.g., 45

or the memory controller depending on the type of the

pprobes), and responses. Each of the resources (e.g., a specific robe) with an indication that there are no copies of the line
in the system (2012). If the node counts are programmed to

memory range or I/0 device) owned by any given node (e.g.,
processor) is represented in the routing table(s) associated expect two probe responses, then the PFU sends two copies

of the response.with the node as an address. When a request arrives at a

node, the requested address is compared to a two level entry so If, on the other hand, the directory lookup determines the

in the node's routing table identifying the appropriate node cache line may be cached in the system (2010), the PFU

and link, i.e., given a particular address within a range of sends out a probe only on links corresponding to the nodes

addresses, go to node x; and for node x use link y. that may contain the cache line (2014). The outgoing probe
As shown in FIG. 19, processing node 1802 can conduct is the same as the incoming probe, except that it is modified

point-to-point communication with three other processing 55 to identify the PFU as the target, i.e., the source of the probe,
nodes according to the information in the associated routing and the command is changed such that it is always a

tables. According to a specific embodiment, routing tables "Probe respond to target" regardless of the original com-

1906a-1906c comprise two-level tables, a first level associ- mand (either respond to source or respond to target).
ating the unique addresses of system resources (e.g., a The nodes that receive the modified probe automatically
memory bank) with a corresponding node (e.g., one of the 60 look up the cache line (2016) and return their response to the

processors), and a second level associating each node with PFU (2018). The PFU uses these responses to update the
the link (e.g., 1808a-1808e) to be used to reach the node directory (which may remove the responding node from the
from the current node. list of nodes that is caching the data) (2020). Once all the

Processing node 1802 also has a set of JTAG handshake nodes to which the probe was sent have responded (2022),
registers 1908 which, among other things, may be used to 65 the PFU accumulates the responses as described above with
facilitate modification of the routing tables (which are reference to remote probe filtering (2024), and responds to

initially set by the BIOS). That is, routing table entries can the node from which the original request originated (2026).
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As mentioned above, embodiments are contemplated in above, some embodiments may only require a single

which the requesting node is programmed to expect two response to the requesting CPU.

responses from the PFU. This relates to the fact that it may In some embodiments, the modification of routing tables

be desirable to immediately forward "dirty" data to the also affects transactions that must go to every node in the

requesting node even where the PFU has not yet received all 5 system (and thus should not be filtered). Such broadcast

of the expected responses from the probed nodes. That is, if transactions include, for example, lock requests and system
a probed node has the requested line "dirty" in its cache, i.e., management messages. In such embodiments, the probe
it is the exclusive owner of the most recent copy of the line, filtering unit or cache coherence controller is programmed to

send out such broadcasts and to accumulate the responses.that node sends back a read response with the requested data.
o It should be noted that some of the arrows shown in theseIf the PFU receives a read response from one of the probed.diagrams may represent multiple "hops" in the point-to-

final response to the requesting node, deadlock may occur

nodes, but waits for all probe responses before sending a
point infrastructure interconnecting the processing nodes.

(i.e., if the PFU's buffers are full of dirty data, it won't be That is, depending on the number of processors and the

able to receive the incoming read responses). topology in which the processors are interconnected, a probe
15 from the PFU to a particular processor may need to goTherefore, according to this embodiment, when the PFU through another node before it arrives at its intended desti-

receives a read response from one of the probed nodes, it nation. In any case, whether a transmission requires one or
immediately forwards the response to the requesting node. A multiple hops, it is represented in the figures by a singlefinal response which is cumulative of all received probe arrow for clarity.
responses is then sent to the requesting node to complete the

20 One of the benefits of local probe filtering is that it allows
transaction. In cases where the PFU does not receive a read

a multi-processor system to scale better because it reduces or
response, i.e., none of the probed nodes own the line, two eliminates unnecessary probes that go to nodes that are
copies of the final probe response must be sent to the known not to be caching the desired data. In addition,
requesting node to complete the transaction, i.e., it is expect- latency may be significantly reduced for lines which are not
ing two responses. Alternatively, embodiments are contem-

25 highly shared across nodes by reducing the number of
plated in which the PFU includes sufficient temporary messages that have to be sent. Moreover, where the under-
storage for dirty data, and the requesting nodes are pro- lying multi-processor architecture comprises the Hyper-
grammed to expect only one response. In either case, TransportTm architecture from AMD, embodiments of the
because the PFU centrally manages the probe traffic, cache invention may be implemented with little or no alteration to
coherency can be maintained without having all nodes

30 the underlying architecture. That is, redirecting probes to a
respond to a requester. probe filtering unit and probe responses back to the probe

FIG. 21 illustrates an example of a memory request in a filtering unit can be accomplished with little or no change to

multi-processor system designed according to a specific the current HyperTransport architecture and the implemen-
embodiment of the invention. In this example, a four pro- tation of that architecture. In addition, embodiments of the
cessing node system with a PFU or cache coherence con- 35 invention may be implemented in which non-probe related
troller (e.g., the system of FIG. 18) is assumed. A CPU traffic (requests and responses) go directly between the
makes a memory request Req to the memory controller M to nodes without having to go through the probe filtering unit.
which the requested line corresponds. The memory control- While the invention has been particularly shown and
ler retrieves the requested line from the memory banks (as described with reference to specific embodiments thereof, it
indicated by read response RR), and generates a probe to the 40 will be understood by those skilled in the art that changes in
probe filtering unit PFU for any cached copies of the line, the form and details of the disclosed embodiments may be
The PFU, in turn, probes nodes NO and N2 after it applies made without departing from the spirit or scope of the
its directory lookup and probe filtering algorithm. As dis- invention. For example, embodiments of the present inven-
cussed above, the determination as to which nodes get tion may be employed with multiple processor clusters
probed depends on the state of the PFU's directory and is 45 connected through a point-to-point, switch, or bus architec-
independent of the source of the request, i.e., the requesting ture. In another example, multiple clusters of processors
node may receive a probe. The PFU then accumulates the may share a single cache coherence controller, or multiple
responses from nodes NO and N2 and sends two responses cache coherence controllers can be used in a single cluster.
(one of which may be a read response from NO or N2) back In addition, the mechanisms for facilitating local and remote
to the requesting CPU. As mentioned above, some embodi- so probe filtering may be included in the same device or in
ments may only require a single response. The CPU then separate devices. For example, the remote probe filtering
sends a source done to the memory controller to complete functionality of a cache coherence controller in a multi-
the transaction and unlock the memory line, cluster system can be extended to facilitate local probe

FIG. 22 is an example of a memory request in which the filtering. Alternatively, local probe filtering could be pro-
PFU does not have to probe any nodes. This example 55 vided in a separate device deployed on a cluster's point-to-
illustrates the case in which the local filtering mechanism point interconnect.
has its greatest effect. That is, because the PFU determines In addition, although various advantages, aspects, and
that none of the nodes in the system (i.e., NO-N3) has the objects of the present invention have been discussed herein

requested line in its cache (i.e., a directory miss), no probes with reference to various embodiments, it will be understood
are needed, and the two probe responses PR are immediately 60 that the scope of the invention should not be limited by
sent back to the requesting CPU which then sends the source reference to such advantages, aspects, and objects. Rather,
done (SD) to the memory controller to complete the trans- the scope of the invention should be determined with
action. Thus, the probe traffic between the requesting CPU reference to the appended claims.
and each of nodes NO-N3 which would have otherwise What is claimed is:
consumed bandwidth and clock cycles is almost entirely 65 1. A computer system comprising a plurality ofprocessing
eliminated, i.e., only one probe to the PFU and two probe nodes interconnected by a first point-to-point architecture,
responses back to the requester are required. As mentioned each processing node having a cache memory associated
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therewith, the computer system further comprising a probe that the selected processing nodes transmit responses to the
filtering unit which is operable to receive probes correspond- probes to the probe filtering unit.

ing to memory lines from the processing nodes and to 15. The computer system of claim 1 wherein the probe
transmit the probes only to selected ones of the processing filtering unit is operable to accumulate responses to each
nodes with reference to probe filtering information repre- 5 probe, and respond to requesting nodes in accordance with
sentative of states associated with selected ones of the cache the accumulated responses.
memories. 16. A probe filtering unit for use in a computer system

2. The computer system of claim 1 wherein the probe comprising a plurality of processing nodes interconnected
filtering unit corresponds to an additional node intercon- by a first point-to-point architecture, each processing node
nected with the plurality of processing nodes via the first 10 having a cache memory associated therewith, the probe
point-to-point architecture. filtering unit being operable to receive probes corresponding

3. The computer system of claim 2 wherein the additional to memory lines from the processing nodes and to transmit
node comprises a cache coherence controller, and the probe the probes only to selected ones ofthe processing nodes with
filtering information comprises a cache coherence directory reference to probe filtering information representative of
which includes entries corresponding to memory lines stored 15 states associated with selected ones of the cache memories.
in the selected cache memories. 17. An integrated circuit comprising the probe filtering

4. The computer system of claim 1 wherein the plurality unit of claim 16.
of processing nodes comprises a first cluster of processors, 18. The integrated circuit of claim 17 wherein the inte-
the computer system comprising a plurality of clusters of grated circuit comprises an application-specific integrated
processors including the first cluster, the plurality of clusters 20 circuit.
being interconnected via a second point-to-point architec-

19. At least one computer-readable medium having data
ture.

structures stored therein representative of the probe filtering5. The computer system of claim 4 further comprising a
unit of claim 16.

cache coherence controller on the first point-to-point archi-
20. The at least one computer-readable medium of claimtecture which is operable to facilitate interconnection of the 25

19 wherein the data structures comprise a simulatable rep-first cluster with others of the plurality of clusters via the
resentation of the probe filtering unit.second point-to-point architecture.

21. The at least one computer-readable medium of claim6. The computer system of claim 5 wherein the cache
20 wherein the simulatable representation comprises acoherence controller comprises the probe filtering unit, and

the probe filtering information comprises a cache coherence 30 netlist.

directory. 22. The at least one computer-readable medium of claim

7. The computer system of claim 1 wherein the first 19 wherein the data structures comprise a code description
point-to-point architecture comprises a HyperTransport of the probe filtering unit.

architecture. 23. The at least one computer-readable medium of claim
8. The computer system of claim 1 wherein each of the 35 22 wherein the code description corresponds to a hardware

processing nodes is operable to transmit the probes only to description language.
the probe filtering unit. 24. A set of semiconductor processing masks representa-

9. The computer system of claim 8 wherein each of the tive of at least a portion of the probe filtering unit of claim

processing nodes has at least one routing table associated 16.
therewith which governs which portions of the first point- 40 25. A computer implemented method for reducing probe
to-point architecture the associated processing node traffic in a computer system comprising a plurality of
employs for communicating with others of the processing processing nodes interconnected by a first point-to-point
nodes, the at least one routing table in each ofthe processing architecture, each processing node having a cache memory
nodes being configured to direct all of the probes to the associated therewith, the method comprising:
probe filtering unit. 45 transmitting a probe from a first one of the processing

10. The computer system of claim 9 wherein the at least nodes only to a probe filtering unit, the probe corre-
one routing table in each of the processing nodes is config- sponding to a memory line;
ured to direct all broadcasts to the probe filtering unit. evaluating the probe with the probe filtering unit to

11. The computer system of claim 1 wherein each of the determine whether a valid copy of the memory line is
processing nodes is programmed to complete a memory so in any of the cache memories, the evaluating beingtransaction after receiving a first number of responses to a done with reference to probe filtering information asso-
first probe, the first number being fewer than the number of ciated with the probe filtering unit and representative of
processing nodes. states associated with selected ones of the cache memo-

12. The computer system of claim 11 wherein the probe ries;
filtering unit has temporary storage associated therewith for 55

transmitting the probe from the probe filtering unit only to
holding read response data from one of the cache memories, selected ones of the processing nodes identified by theand the first number is one.

13. The computer system of claim 11 wherein the probe evaluating;
filtering unit is operable to forward read response data to a accumulating probe responses from the selected process-

requesting node before accumulating all probe responses 60 ing nodes with the probe filtering unit; and

associated with the memory transaction, and the first number responding to the probe from the first processing node

is two. only with the probe filtering unit.
14. The computer system of claim 1 wherein the probe

filtering unit is further operable to modify the probes such
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	1. This is an action for patent infringement arising under the Patent Laws of the United States, Title 35 of the United States Code.
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	7. Venue is proper in this judicial district under 28 U.S.C. §§ 1391(c) and 1400(b).
	8. Joinder is proper under 35 U.S.C. § 299.  The allegations of infringement contained herein are asserted against the Defendants jointly, severally, or in the alternative and arise, at least in part, out of the same series of transactions or occurren...
	UTHE PATENT-IN-SUIT
	9. On November 13, 2007, United States Patent No. 7,296,121 (the “’121 Patent”), entitled “Reducing Probe Traffic in Multiprocessor Systems,” was duly and legally issued by the United States Patent and Trademark Office.  A true and correct copy of the...
	10. MI is the assignee and owner of the right, title and interest in and to the ’121 Patent, including the right to assert all causes of action arising under said patent and the right to any remedies for infringement of it.
	UCOUNT I – INFRINGEMENT OF U.s. Patent No. 7,296,121
	11. The allegations set forth in the foregoing paragraphs 1 through 10 are hereby realleged and incorporated herein by reference.
	12. In violation of 35 U.S.C. § 271(a), Defendants have directly infringed and continue to directly infringe, both literally and under the doctrine of equivalents, the ’121 Patent by making, using, offering for sale, selling, and importing products (t...
	13. Defendants have had actual knowledge of the ’121 Patent and their infringement of that patent since at least the date of service of this Complaint.
	14. Defendants are also inducing infringement of the ’121 Patent under 35 U.S.C. § 271(b), since at least the date of service of this Complaint, by actively aiding and abetting others (including their direct and indirect customers) whose sale, offer f...
	(a) The Accused Instrumentalities comprise a plurality of processing nodes because they contain multicore processors.  The cores are connected in a point-to-point architecture and each core has an associated L1 cache memory;
	(b) One of the processor cores requests access to a memory line by transmitting a probe to the Snoop Control Unit (the probe filtering unit);
	(c) The Snoop Control Unit evaluates the probe using a copy of the L1 data cache tag RAMs which is representative of the states associated with selected L1 caches to determine whether a valid copy of the memory line is in any of the L1 caches;
	(d) The Snoop Control Unit transmits the probe only to selected ones of the cores identified in the evaluating step;
	(e) The Snoop Control Unit accumulates responses from the selected cores; and
	(f) The Snoop Control Unit responds to the original request from the first core.

	15. Defendants are also committing contributory infringement of the ’121 Patent under 35 U.S.C. § 271(c) since at least the date of service of this Complaint by importing and selling the Accused Instrumentalities to others, including but not limited t...
	(a) The Accused Instrumentalities comprise a plurality of processing nodes because they contain multicore processors.  The cores are connected in a point-to-point architecture and each core has an associated L1 cache memory;
	(b) One of the processor cores requests access to a memory line by transmitting a probe to the Snoop

	(c) The Snoop Control Unit evaluates the probe using a copy of the L1 data cache tag RAMs which is representative of the states associated with selected L1 caches to determine whether a valid copy of the memory line is in any of the L1 caches;
	(d) The Snoop Control Unit transmits the probe only to selected ones of the cores identified in the evaluating step;
	(e) The Snoop Control Unit accumulates responses from the selected cores; and
	(f) The Snoop Control Unit responds to the original request from the first core.

	16. MI has been harmed by Defendants’ infringing activities.
	a. An adjudication that Defendants have infringed the ’121 Patent;
	b. An award of damages to be paid by Defendants adequate to compensate MI for past infringement of the ’121 Patent, and any continuing or future infringement through the date such judgment is entered, including prejudgment and post-judgment interest, ...
	c. An order that Defendants pay an ongoing royalty in an amount to be determined for any continued infringement after the date judgment is entered; and
	d. Such further relief at law and in equity as the Court may deem just and proper.
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