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Abstract

The Starfire interconnect extends the envelope of Unix symmetric multiprocessor (SMP) systems
in several dimensions. | nterconnect: an active centerplane with four address routers and a 16x16
data crossbar provides 64 UltraSPARC processors with uniform memory access at a bandwidth of
10,667 MBps. Flexibility: Starfire can be dynamically reconfigured into multiple hardware-pro-
tected operating system domains. Robustness: Failing boards can be hot swapped without inter-
rupting system operation. Performance: Starfire has sustained over 23 GFL OPS on out-of-core
eguation solving. It has set TPC-D decision-support records at both the 300 GB and 1 TB sizes.
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1. Introduction

The compute performance of microprocessors has been improving at arate of 55% per year, while
memory access speeds have been improving by only 7% per year [3]. Ten years ago, floating-point
operationswere considered quite expensive, often costing 10 timesas much asacache miss. Today
the situation is dramatically reversed, with the fastest processors able to perform 200 or more
floating-point operations in the time required to service a single cache miss [4].

Our challenge as system architectsis to scale system memory bandwidth to match the increasing
abilities of microprocessors, and to reduce memory latency as much as possible. The designer’s
bag of tricksincludes: multiple outstanding cache misses, split-transaction buses, separate address
and data paths, 16-byte-wide data paths, and 100 MHz system clocks.

1.1 Interconnect performancetrends

To plot processor and system interconnect trends, we use the Stream [5] benchmark — whichis
the only available memory benchmark with alarge number of posted results. Stream measures the
performance of four loops: vector copy, vector scale, vector add, and vector triad. Each loop hasa
length of 2 million elements per processor. Stream is available in either Fortran or C.

Bandwidth. Weplot theaverage of thefour Streamloops, asadjusted to includetheextrawrite-allo-
cate traffic on cache-based systems that is caused by the storesin the vector loops. When the first
8-byte store-miss happensto acache bl ock, the processor must read the entire cache-coherency unit
(typically 64 bytes) from memory — even if the block will be overwritten by later stores.

Total bandwidth = (Copy_Bandwidth ¢ 3/2 + Scale_Bandwidth « 3/2
+ Vadd_Bandwidth ¢ 4/3 + Triad_Bandwidth « 4/3) / 4
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Latency. Our latency estimate is the time per Stream memory access, including both reads and
writes:

Latency (ns) = Cache block size (bytes) / Total bandwidth (MBps) « 1000 « Number of processors

Since Stream is vectorizable, these latencies are lower than the pointer-chasing latencies from
Imbench[6], because today’ s microprocessors can maintain multiple outstanding cache misses on
vector code. We couldn’t use Imbench latency for this analysis, because there are too few results
posted, and because that benchmark is limited to single-processors, and we wish to plot multipro-
cessor latencies.

1.2 Single-processor bandwidth and latency trends

Figure 1 shows the highest-bandwidth single-processor Stream results from each microprocessor
family over time. The bandwidths in Figure 1A are quadrupling every three years. Sun’s best
single-processor Stream bandwidth hasincreased by 8.5x in 4 years. from 70 MBpsin spring 1993
to 450 MBpsin the spring of 1997.

Figure 1. Single-processor interconnect trends
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The latencies in Figure 1B have come down by afactor of 2.7x over the period — due to faster
buses, and the growing ability of processors to overlap multiple cache misses.

1.3 SMP bandwidth and latency trends

Figure 2 shows the highest-bandwidth multiprocessor results over time from each of the four sym-
metric multiprocessor (SMP) vendors. It used to be said that SMPs couldn’t scale. Figure 2A shows
that bandwidths have more than quadrupled in each of the past four years — as systems have
expanded from oneto 64 processors. Sun’ s best multiprocessor Stream bandwidth has grown from
70 MBpsin late 1993, to 9,500 Mbps this year on the Starfire — afactor of 132x in 3.25 years.
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Figure 2. SMP interconnect trends
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The latenciesin Figure 2B show an interesting trend. Theinitial multiprocessor results from each
vendor (circa 1995) show an upward jump in latency, reflecting the difficulties of interconnecting
many cache-coherent processors. The second-generation SMP results (circa 1997) show major

improvement in latencies. Newer processors can keep more cache misses outstanding, newer sys-
tems use routers to provide greater bandwidth, and interconnect protocols have been streamlined.

2. Ultra server family

With 64 processors, the Starfire UItra 10000 isthe apex of Sun’s SMP product pyramid. Thefamily
extends down through the 6-30 processor Ultra 3000-6000 servers[14], the four processor Ultra
450 workgroup server [13], and the single-processor Ultra 30 workstation [12].

2.1 Ultra Port Architecture

All Sun workstations and servers use the same Ultra Port Architecture (UPA) [7] interconnect
protocol. Thisis Sun’sthird-generation SMP interconnect architecture, following the second-gen-
eration XDBus and thefirst-generation MBus. The UPA doeswriteback MOESI (exclusively mod-
ified, shared modified, exclusively clean, shared clean, and invalid) coherency on 64-byte-wide
cache blocks. It is a packet-switched protocol, with separate address and 18-byte-wide data lines,
which includes two bytes of error-correcting code (ECC). The highest system clock rate so far is
100 MHz, which yields a peak UPA_databus rate of 1,600 MBps.

UPA implementations maintain a set of duplicate coherence tags for each cache in the system, and
perform fast SRAM tag lookups in parallel with memory reads. All of the UPA implementations
provide uniform memory-access times (UMA), regardless of data placement.




2.2 UltraSPARC-I1 processor

The processor used in Sun’s UPA systemsisthe UltraSPARC-I1 [11]. Asof thiswriting, it hasa
clock rate of up to 300 MHz and an external cache size of up to 4 MB. The processor can do a
maximum of two floating-point operations per clock, which at this clock rate is 600 Mflops. Its
performanceis 12.1 SPECint95 and 18.3 SPECfp95 in an Ultra 30 workstation with a2 MB cache
[9]. The processor is mounted on a module along with cache SRAMs and two UltraSPARC Data
Buffer (UDB) chips. The UDBsgenerate ECC bitswhen they writeto the UPA_databus, and check
ECC when they read from the UPA _databus.

2.3 UPA systems
Sun has developed UPA implementations to fit the needs of small, medium, and large systems.

Table 1. UPA implementations

M ax M ax M ax

Size UPA implementation System | system |proces-| memory Ilr;tb;ncch
boards | sors |bandwidth y
Ultra 30 1
Central system controller 1,800
Small : Ultra2 1 2 . 240 ns
2/ 4-port data switch Ultra 450 4 MBps
Gigaplane Ultra 3000 4 6 2 667
Medium | Address bus between distributed controllers, | Ultra 5000 8 14 M BDS 310 ns
32-byte-wide interboard data bus Ultra 6000 16 30 P
Gigaplane-XB .
Large 4 interleaved point-to-point address routers, UItSrt:rIggoo 16 64 }\(/IDSGZ 550 ns
16x16 interboard data crossbar b

» Theworkstation’s single-board UPA implementation provides the lowest possible latency.

» The Ultra 3000-6000’ s Gigaplane bus [8] of serversisthe highest bandwidth system bus being
delivered, and provides low latencies across a wide product range.

» The Ultra 10000’ s Gigaplane-XB crosshar extends the UPA family bandwidth by 4x, and pro-
vides the unique ability to dynamically repartition and hot swap system resources.

By optimizing separate UPA implementations for low, middle, and high-end systems we have
created a product family with very good latencies and bandwidths across the range of 1 to 64
processors. When one cabinet is not enough, Sun hasHigh Availability (HA) and Parallel Database
(PDB) cluster products — which are beyond the scope of this paper.

2.4 Starfiregoals
To fit at the top of the Ultra server family, we set three primary product goals for the Starfire:
1. Scale4x larger in bandwidth.

2. Increase system flexibility.
3. Improve system reliability, availability, and serviceability (RAS).



2.5 Implementation choices
We made the following implementation choices:

2.5.1 Four-way interleaved address buses. The hardest part of scaling up an SMP system isto

increase its coherency bandwidth. Providing more data bandwidth is easy in comparison. To qua-
druple the snooping bandwidth over the Ultra 6000, we chose to interleave four snoop buses. We
had done this before on the 64-processor CS6400, our X DBus-generation system. Each addressbus
coversl/4of thephysical addressspace. Thebusessnoop every-other cycle, and updatetheduplicate
tagsin the alternate cycles. At an 83.3 MHz clock, Starfire’s coherency rate is 167 million snoops
per second. Multiplied by the UPA’s 64-byte cache line width, thisis enough for a 10,667 MBps
datarate.

2.5.2 16x16 data crossbar. To match the snooping rate, we chose a 16x16 inter-board data cross-
bar, with the same 18-byte width as the UPA _databus.

2.5.3 Point-to-point routing. Wewanted to keep any failures on one system board from affecting
other system boards, and to be able to dynamically partition the system. To electrically isolate the
boards, we used point-to-point router ASICsfor al of theinterconnect — data, arbitration, the four
address buses, and JTAG. Also, across alarge cabinet, point-to-point wires can be clocked faster
than bused signals.

2.5.4 Active centerplane. The natural place to mount the router ASICs was on the centerplane,
which is physically and electrically in the middle of the system.

255 System Service Processor (SSP). The SSPisfundamental to our RAS strategy. It provides
aknown-good system that is physically separate from Starfire. We connected it via Ethernet to
Starfire's control boards, where it has access to JTAG hardware information.

3. Starfireinter connect
Like most multi-board systems, Starfire has atwo-level interconnect, which is shown in Figure 3:

1. On-board interconnect — conveys traffic from the processors, SBus cards, and memory to
the off-board address and data ports.

2. Centerplaneinter connect — transfers addresses and data between the boards.

Memory accesses aways go across the global interconnect, even if the requested memory location
isphysically on the same board. Addresses must go off board to accomplish global snooping. Data
transfers are highly pipelined, and local shortcutsto save afew cycles would have unduly compli-
cated thedesign. Starfire, liketherest of the Ultraserver family, hasauniform memory-accesstime
that is independent of the board where memory is located.



3.1 Addressinterconnect

Address transactions take two cycles on the address interconnect. The two low-order cache-block
address bits determine which address bus to use.

Table 2. Addressinterconnect

ASICsper | ASICson
Unit ASIC type Purpose system center -
board plane
Port
Controller PC Controls two UPA_addressbus ports 3 0
Coherency Interface —_ .
Controller CiC Maintains duplicate tags to snoop local caches 4 0
Memory
Controller MC Controls four DRAM banks 1 0
UPA to SBus SYSIO Bridges UPA to SBus 2 0
Local Address LAARB mode .
Arbiter of XARB Arbitrates |ocal address requests 1 0
GAARB
Cesz Addre&; mode of Arbitrates global requests for an address bus 0 4
Arbiter
XARB
GAB mode of
Global Address Bus 4 XMUXS Connects a CIC on every board 0 16

3.2 Data inter connect

Data packetstake four cycles on the datainterconnect. In the case of aload-miss, the missed-upon
16-bytes are sent first. The Starfire Data Buffers provide FIFOsfor centerplane datatransfers. The
local and global routers are not buffered, and transfers take a fixed 8 clocks from buffer to buffer.

Table 3. Datainterconnect

ASICsper | ASICson
Unit ASIC type Purpose system center-
board plane
UltraSPARC Data UDB Buffers data from the processor. 8 0
Buffer Generates and checks ECC
Pack modeof | Assembles and disassembles datainto 72-byte
Pack / Unpack 2 XMUXs memory blocks 4 0
Starfire Data Buffer SDB Buffers data from two UPA_databus ports 4 0
. LDARB mode ;
Local Data Arbiter of XARB Arbitrates on-board data requests 1 0
LDR mode of | Connects four Starfire Data Buffers to a crossbar
Loca Data Router 4 XMUXS port 4 0
Globa Data Arbiter GDARB Arbitrates requests for the data crossbar 0 2
GDR mode of
Global Data Router 12 XMUXSs 16 x 16 x 18-byte crossbar between the boards 0 12




Figure 3. Starfire interconnect
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3.3 Interconnect operation
We illustrate Starfire’ s interconnect operation with the example of aload-missto memory:

Table 4. Interconnect sequence for aload-missto memory

Phase |Steps Clocks
1. Processor makes arequest to its Port Controller (PC).
2. PC sends the address to a Coherency Interface Controller (CIC), and sends the request to 13 net
Send the Local Address Arbiter (LAARB). (8 more
address |3. CIC sends the address through the Global Address Busto the rest of the CICs. are over-

and |4. All CICsrelay the address to their Memory Controllers. lanoed
establish |5. All CICs snoop the address in their Duplicate Tags. avf,’ﬁh
coherency | 6. All CICs send their snoop results to the Global Address Arbiter (GAARB). memory)
7. GAARB broadcasts the global snoop result. y
8. Memory is not aborted by a CIC, because the snoop did not hit.

1. Memory Controller (MC) recognizes that this addressis for one of its memory banks.
Read |2. MC orchestrates a DRAM cycle, and sends arequest to the Local Data Arbiter (LDARB).
from |3. Memory sends 72 bytes of datato the Unpack unit. 13

memory |4. Unpack splits the datainto four 18-byte pieces.

5. Unpack sends data to the Starfire Data Buffer (SDB) to be buffered for transfer.

1. SDB sends datato the Local Data Router (LDR).
2. Through the LDR to the centerplane crossbar.
Transfer |3. Through the centerplane crossbar to the receiving board’ s LDR.
data |4. Through the receiving LDR to the processor’s Starfire Data Buffer.
5. SDB sends data to the Ultra Data Buffer (UDB) on the processor module.
6. UDB sends data to the processor.

12

Thetotal is 38 clocks (468 ns) — counting from the cycle when the address request is sent from
the processor through the cycle when datais delivered to the processor.

For more technical information on the Starfire interconnect operation and implementation, see[1].

4. Starfire packaging

4.1 Cabinet

Starfireis packaged in acabinet 70" tall x 34" wide x 46” deep, as shown in Figure 4. Inside the
cabinet are two rows of eight system boards that mount on either side of a centerplane. Starfireis
our fourth generation of centerplane-based systems.

Besidesthe card cage, power, and cooling, the cabinet hasroom for three disk trays. Therest of the
peripherals are housed separately in standard Sun peripheral racks.

Power. Starfire does two levels of power conversion. Up to eight N+ 1 redundant bulk supplies
convert from 220 VACto 48 VDC, whichisthen distributed to each board. Supplies on each board
convert from 48 VDC to 3.3 and 5 VDC. Having local power supplies facilitates the hot swap of
system boards while the system is running.

Cooling. Starfire uses 12 hot-pluggable fan trays — half above and half below the card cage. Fan
speed is automatically controlled to reduce acoustic noise in normal environmental conditions.
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Figure 4. Starfire cabinet
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The maximum etched wire length is
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crosstalk analysis, and developed and
implemented anovel method for abso-
lute-crosstalk minimization on long
minimally-coupled lines.

Clock sources are distributed through the centerplane to each system board ASIC. Skew between
clock arrivals at each ASIC is minimized by routing all traces on identical topologies.

We used uni-directional point-to-point source-terminated CMOS to implement the 144-bit-wide
16 x 16 data crosshar, and the four 48-bit-wide address-broadcast routers. The system has been
designed and tested to run at 100 MHz at worst-case temperatures and voltages. However, the
system clock must be 1/3 or 1/4 of the processor clock. As of thiswriting, the processor clock is
250 MHz, so the system clock is 250/3 = 83.3 MHz.

4.3 System board

The system board, shown in Figure 5, holds six mezzanine modules on its top side: the memory
module, the I/O module, and four processor modul es. The bottom side of the system board hasnine
address ASICs, nine data ASICs, and five 48-volt power converters. The board is 16" x 20" with
24 layers.



4.3.1 Processor module. Starfireusesthe same UltraSPARC processor moduleastherest of Sun’'s
departmental and data center servers. As of thiswriting, the server modules have a 250 MHz
processor with 4 MB of external cache.

4.3.2 Memory module. The memory module contains four 576-bit-wide banks of memory com-
posed of 32 standard 168-pin ECC DIMMs. It also has four pack/unpack ASICsonit. The memory
module contains 1 GB of memory with 16-Mbit DRAMs, and 4 GB of memory with 64-Mbit
DRAMs.

4.3.3 1/0 module. The current I/O modul e interfaces between the UPA and two SBuses, and pro-
vides four SBus card slots. Each SBus has an achievable bandwidth of 100 MBps.

Figure5. System boards and centerplane
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4.4 ASIC types

We designed seven unique ASIC types. Six of them (PC, MC, CIC, XARB, GDARB, and SDB)
implement an entire functional unit on asingle chip. The seventh ASIC (XMUX) isamultiplexor
part which is used to implement the local and global routers, as well as the pack/unpack function.
The ASICs are fabricated in 3.3 volt, 0.5 micron CMOS technology. The largest die sizeis 9.95 x
10 mm with five metal layers. They are al packaged in 32 x 32 mm Ceramic Ball Grid Arrays
(CBGASs) with 624 pins.
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4.5 Interconnect reliability

4.5.1 ECC. Inadditiontothe ECC for datathat isgenerated and checked by the processor module,
the Starfire ASI Csal so generate and check ECC for address packets. The Starfire Data Buffer chips
check data-packet ECC along the way through the interconnect to help isolate faults.

4.5.2 Failed components. If an UltraSPARC module, DIMM, SBus board, memory module, I/0
module, system board, control board, centerplane support board, power supply, or fan fails— the
system attemptsto recover without any serviceinterruption. Later, thefailed component can be hot
swapped out of the system, and can be replaced while the system is still on line.

4.5.3 Redundant components. The customer can optionally configure a Starfire to have 100%
hardware redundancy of configurable components: control boards, support boards, system boards,
disk storage, bulk power subsystems, bulk power supplies, cooling fans, peripheral controllers, and
System Service Processors. The centerplane can operatein adegraded modeintheevent of afailure
there. If one of thefour address busesfails, the remaining buses can be used to access all the system
resources. The data crossbar is divided into separate halves, so it can operate at half-bandwidth if
an ASIC fails.

4.5.4 Crash recovery. A fully redundant system can alwaysrecover from asystem crash, utilizing
standby components or operating in degraded mode. Automatic System Recovery (ASR) enables
the systemto reboot immediately following afailure, automatically disabling thefailed component.
This approach prevents afaulty hardware component from causing the system to crash again, or
from keeping the entire system down.

5. Dynamic System Domains

Dynamic System Domains make Starfire unigue among Unix servers. The system can be dynam-
ically subdivided into multiple computers, each consisting of one or more system boards. System
domains are similar to partitions on amainframe. Each domain is aseparate, shared-memory SMP
system that runsits own local copy of Solaris. Because individual system domains are logically
isolated from other system domains, any hardware and software errors are confined to their respec-
tive domain, and do not affect the rest of the system. This allows a system domain to be used to
test updates to Solaris, device drivers, or new application software without impacting production

usage.

System domains are configured to have their own disk storage and networking. Administration of
each system domain isdonefrom the System Service Processor (SSP) that servicesall thedomains.
The system administrator may create domains dynamically without impacting work in progresson
the system.

Dynamic System Domainsmay beused for many purposesthat enablethe siteto managethe Starfire
resources effectively:

* LAN consolidation. A single Starfire can replace two, three, or more, smaller servers. It is eas-
ier to administer (uses asingle SSP), more robust (better RAS features), and offers the flexibil-
ity to quickly shift resources from one “server” to another. Thisis a benefit as applications
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grow, or when demand reaches peak levels and requires rapid reassignment of computing
resources.

» Development, production, and test environments. In a production environment, most sites
require separate development and test facilities. Having isolated facilities enables the devel op-
ment work to continue on aregular schedule, while assuring that those efforts do not impact
production. Using a Starfire system, those functions can safely coexist in the same box.

» Software migration. Dynamic System Domains may be used as a means of migrating systems
or application software to updated versions. This applies to the Solaris operating system, data-
base applications, new administrative environments, and applications.

» Special 1/0 or network functions. A system domain may be established to deal with specific
I/O devices or functions. For example, a high-end tape device could be attached to a dedicated
system domain, which is aternately merged into other system domains that need to make use
of the device for backup or other purposes.

» Departmental systems. A single Starfire system may be shared by multiple projects or depart-
ments, simplifying cost justification and cost accounting requirements.

Figure 6 shows an example of how a Starfiremay bedivided into domains. Domain#1 isa12-board
(48 processor) production domain running the current release of Solaris. Domain #2 isatwo-board
(8 processor) domain being used to check out an early version of the next release of Solaris. Domain
#3 isatwo-board (8 processor) domain running a special application — for instance proving that
the application isfully stable before allowing it to run on the production domain #1. Each domain
has its own boot disk and storage, as well as its own network connection.

Figure 6. Example of Starfire system domains

Domain #2 Domain #3
Two boards Two boards
. running running
Domain #1 pre-production special
12 boards running current Solaris in production on Solaris N+1 application
CPU CPU CPU CPU CPU CPU CPU CPU System Service
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CPU CPU CPU CPU CPU CPU CPU CPU
CPU CPU CPU CPU CPU CPU CPU CPU
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Multiple domains can optionally be combined into a domain group. Domain groups are used for
memory-based fast networking between member domains. Hardware faults propagate to all the
domain-group members, but softwarefailures only bring down the domain in which they occurred.
Domains outside the group are unaffected by failures within a domain group.

5.1 System Service Processor

The System Service Processor (SSP) isa SPARC workstation that runs standard Solarisplusasuite
of diagnostics and management programs. These include Power-On Self-Test (POST), hostview,
and Network Console utilities developed for the Starfire system. The SSP enabl es the operator to
monitor and control the system. Figure 7 shows the Starfire hardware and domain status in host-
View’s main screen.

Figure 7. SSP hostview main screen
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buttons Back
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Front

Being tested in isolation

These programs sequence the boot process, assist in configuration decisions, manage Dynamic
System Domains, monitor environmental conditions, help the system recover from interrupts, and
can send diagnostic information to SunService. Using Network Console, the SSP can be remotely
accessed to facilitate system administration functions of the Starfire system. A second SSP can be
optionally configured as ahot spare. The SSP is connected via Ethernet to a Starfire control board.
The control board has an embedded control processor which interprets the TCP/IP Ethernet traffic
and convertsit to JTAG control information.
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5.2 Dynamic reconfiguration and hot swap

Dynamic reconfiguration (DR) allows the system administrator to add and del ete system boards
from system domainswhilethe systemisrunning. DR isdivided into two phases: attach and detach.

5.2.1 Attach. Attach connectsasystem board to adomain, and isused to perform online upgrades,
to redistribute system resources for load balancing, or to reintroduce a board after it has been
repaired. Attach diagnoses and configuresthe candidate system board so it can beintroduced safely
into the running Solaris operating system. There are two steps.

1. Theboard is added to the target domain's board list in the domain configuration files on the
SSP. Power-On Self-Test (POST) is executed, which tests and configures the board. POST
also creates a single-board domain group that isolates the candidate board from other system
boards on the centerplane. The processors are moved from areset state into a spin mode, pre-
paring them for code execution. The centerplane and board-level domain registers are config-
ured to include the candidate board in the target domain.

2. When these operations are complete, the Solaris kernel is presented with the board configura-
tion. Solarisis now aware of the configuration, but has not yet enabled it. At thisjuncture, sta-
tusinformation is presented to the operator, who can either complete the attach or abort. After
the operator authorizes completion, Solaris performs the final steps needed to start up the pro-
cessors, adds the memory to the available page pool, and connects any on-board 1/0 devices
or network connections. The operator is notified, and the candidate board is now actively run-
ning the workload in the domain.

5.2.2 Detach. System boardsare detached to reall ocate them to another domain, or to removethem
for upgrade or repair. All current activity on the system board must be terminated or migrated to
other system boards. This includes process execution, memory data, 1/0 devices, and network
connections. Thisis donein two steps:

1. All pageable memory isflushed to disk, removing it from use by Solaris. Kernel memory is
remapped to other boards. Free pages are locked to prevent further use. As detach proceeds,
all network devices present on the system board are disabled, and file systems are unmounted
or switched to alternate paths to other boards. Processors are taken off-line.

2. The operator can still abort the removal of the board from the system, so the board can con-
tinue operation. Otherwise, the detach is committed, and the system board is now available for
attachment to another domain or for physical removal from the system.

5.2.3 Hot Swap. Onceaboard hasbeen detached, it can be powered down and physically removed
from arunning system by a certified service provider. Conversely, anew, repaired, or upgraded
board can be physically inserted into a running system, and powered-on in preparation for doing
an attach.

5.3 Domain implementation

Domain protection isimplemented at two levels: on the centerplane arbiters, and in the Coherency
Interface Controllers on each board.
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Figure 8. Domain registersin the Starfire interconnect
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5.3.1 Centerplanefiltering. The globa arbiters do the first-level filtering that identifies al the
boardsinadomain group. Each global arbiter containsa16 x 16 bit set of Domain Control Registers.
Thereisaregister for each system board that, when the bits are set to one, establishes the set of
system boards in the domain group of that particular board.

A board must alwayslist itself in its own domain group to obtain centerplane arbitration services.
Attimesitisdesirableto removethelisting of asystem board from its own register to deconfigure
that board for removal. After abus transaction request is granted, the Global Address Arbiter
examinesthe source board domain group register. Only boardswithinthedomaingroup will receive
avalid signal. If avalid signal isreceived, the board will look at the bus information and further
decode it. The Global Address Arbiter similarly filtersall BusHold and Error signals so that they
are only propagated to boards in the domain group of the originating board. The domain control
registers are readable and writable only from the SSP via JTAG.

5.3.2 Board-level filtering. Local filtering removes inter-domain addresses that are outside the
group-memory ranges of adomain group. All four Coherency Interface Controllers on a system
board have identical copies of the following registers:

* Domain mask. Sixteen bits identify what other system boards are in this board’ s system
domain. All coherent and noncoherent requests from these boards will be processed. The
domain mask register is readable and writable only from the SSP via JTAG.

» Group memory mask. Sixteen bits identify what other boards are in this board’ s domain
group. Only coherent requests from these boards, whose addresses are within the group-mem-
ory base and limit, will be processed.
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» Group memory baseand limit registers. These registers contain the lower and upper physical
addresses of the memory on this board that are visible to other domainsin a group of domains.
The granularity of these addresses is 64 Kbytes.

The group mask, base, and limit registers are readable and writable via by the operating system

through the control and status address space.

6. Ultra server performance

Space permits discussion of only afew performance benchmarks.

6.1 Bandwidth and latency

Figure9. Latency as afunction of bandwidth for Stream
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L atency and bandwidth are defined the same asthey
were in Section 1.1. For each of the four SMP fam-
ilies, we plot the total Stream bandwidth for succes-
sively larger system configurations— movingtothe
next larger family member when interconnects
become saturated. For all families, the lowest
latency is provided by a workstation.

For the Sun server family, the progressionin Figure
9isthe Ultra450 workgroup server for one and two
processors, the Ultra 6000 server up to its 2.6 GBps
bandwidth, and thentherest of theway withtheUltra
10000 server. This combination deliversthe lowest
latency across the bandwidth spectrum.

The discontinuity inthe SGI Origin curveat 16 pro-
cessors is caused by dual-processor nodes sharing

bandwidth on larger systems. The Sream benchmark is favorable to nonuniform memory-access
(NUMA) systems like the SGI Origin and HP S/X class, since the vector loops are compl etely
parallel, and the data sets are small enough to fit in the local memories on those systems. Stream
does not do global or shared accesses, which would benefit from uniform memory access imple-
mentations like those of the Ultra server family.

6.2 Dense equation solving

Solving large setsof equationsisthe numerically-intensive heart of many scientific and engineering
applications, including structures, fluids, heat flow, electromagnetics, acoustics, visualization and
economic modeling. Increased computer power allows higher resolution and more sophisticated
modeling, resulting in improved designs and products.
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6.2.1 Out-of-core equation solving. One of the most computationally challenging problems
arisesin radar cross-section analysis, which isused in the design of radar-evading stealth vehicles.
Simul ating these el ectromagnetic fields produces aful| matrix requiring multiple solutions, onefor
each viewing angle. Higher radar frequenciesrequirefiner models, which produce very large matri-
ces.

We tested Starfire on one-day’ s worth of out-of-core matrix factoring: a 90,112 x 90,112 dou-
ble-precision complex matrix, with 3,600 right-hand sides. Starfire sustained 23.7 Gflops for the
25.6-hour factoring and solving job, performing atotal of 2 x 10'° floating-point operations. The
system had 16 GB of memory and five disk trays (140 GB) to hold the matrix — which was stored
on disk and processed in blocks small enough to fit into memory buffers. Sixty-three processors
did the computing, and one processor managed the asynchronous disk 1/0. Starfire sustained 74%
of its peak performance over the day-long run. The system cost was $117 per delivered Mflop.

6.2.2 Linpack equation solving. On the Linpack N=1000 matrix, the Ultra 6000 has the highest
performance of any SMP system at 4,755 Mflops[2]. Thematrix in Linpack N=1000 occupiesonly
8 MB of memory, and so demands alow memory latency to be computed on in parallel. Because
of its high-speed bus architecture, the Ultra 6000 has the lowest memory latency of any large SMP.

6.3 Decision support

The TPC Benchmark D (TPC-D) models a decision support environment where complex ad hoc
business-oriented queries are submitted against alarge database. The queries access large portions
of the database and typically involve one or more of thefollowing characteristics: multi-tablejoins,
extensive sorting, grouping and aggregation, and sequential scans.

Decision support applications typically consist of long and often complex read-only queries that
accesslargeportionsof thedatabase. Decision support databasesareupdatedrel atively infrequently.
The databases need not contain real-time or up-to-the-minute information, as decision support
applicationstend to process|arge amounts of datawhich usually would not be affected significantly
by individual transactions.

TPC-D comesin arange of sizes: 1 GB, 30 GB, 100 GB, 300 GB, and 1 TB. It has three metrics:

* The power metric (QppD@Size) is based on a geometric mean of the 17 TPC-D queries, the
insert test and the delete test. It measures the ability of the system to give asingle user the best
possible response time by harnessing all available resources.

» Thethroughput metric (QthD@Size) characterizes the ability of a system to support a
multi-user workload in a balanced way. A number of query usersis chosen, each of which exe-
cute the full TPC-D set of 17 queriesin adifferent order. In the background there is an update
stream that runs a series of insert/delete operations (one pair for each query user). The choice of
the number of usersis at the discretion of the test sponsor.

» The price-performance metric (Price-per-QphD@Size) is the ratio of the five-year system
price divided by composite query-per-hour rating QphD@Size. The query per hour
(QphD@Size) rating is equal to the geometric mean of the power and throughput metrics. Asa
result of combining the power metric (which due to its use of a geometric mean is sensitive to
short queries) and the throughput metric (which due to its use of the arithmetic mean is sensi-
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tive to long running queries) QphD places attention on both the ability to make simple queries
run very fast, and the ability to make the very long queries run faster.

6.3.1 300 GB TPC-D results. Figure 10 showsall ten of the 300 GB results[18] asof thiswriting.
By sorting the results by database vendor, we can examine the performance of different system
architectures running the same database software. Currently, Informix makes the best TPC-D per-
formance, but as with most benchmarks, the vendor leap-frogging will continue.

Figure 10. TPC-D (decision support) results for 300 GB data size
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The Ultra 10000 has the best Informix power and throughput, and is second to the Ultra 6000 in
price-performance. The Ultra 10000 leadsin al three categories for Oracle, and the Ultra 6000 is
second in price-performance. Sun’ sresults show the efficiency of large SMP systemsfor decision
support workloads relative to NUMA, MPP, and cluster alternatives. For more details, see [10].

6.3.2 1 TB TPC-D results. In June 1997, the Starfire set power, throughput, and price-perfor-
mance records for the 1 terabyte size TPC-D. (NCR has recently surpassed Starfire’ s power and
throughput records with a 256-processor M PP configuration costing over $15 million. Starfire still
holds the 1 TB price-performance record.)

The 1 TB sizeof TPC-D representscommercial supercomputing. The Starfire was configured with
64 processors, 64 GB of memory, and 598 disk drives. The 5.4 TB of storage was packaged in 23
of Sun’s Removable Storage Module (RSM) Array 2000 subsystems[17]. Starfire’ sfive-year cost
was just under $10 million.

6.3.3 Interconnect cost. Figure 11 showsthat system interconnect cost only 12% of the five-year
cost-of-ownership for Starfire’s 1 TB configuration. The interconnect cost includes everything
inside the system cabinet except the processor modules and the DIMMSs.

18



Figure 11. Starfire 1 TB TPC-D system costs
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7. Conclusion

Starfire's router-based implementation of the Ultra Port Architecture has extended the Ultra server
family bandwidth by afactor of 4x. The error isolation of point-to-point wires has made possible
the unique flexibility of Dynamic System Domains, dynamic reconfiguration, and hot swap. The
System Service Processor and the use of ECC for both address and data has improved system

reliability, availability and serviceability. For more product information on Starfire see [15] [16].

SMP systems like Sun’s Ultra servers have along track record of being simpler to administer and
use than NUMA, MPP, and cluster architectures. As SMP implementations continue to scale
upwardsin power and capacity, the“ problem too big” threshold where alternative architectures are
needed is also being raised ever higher.
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