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Abstract FLASH [3] and the MIT Alewife [1] machines. A key com-

ponent of this type of machines is the coherence controller
Recent research shows that the wgancy of the co- on eachnode that providesache coherent access to mem-

herence controllers is a major performance bottleneck for ory that is distributed among the nodes of the multiproces-
distributed cache coherent shared memory multiprocessorssor.

In this paper we study three approaches to alleviating this
problem in hardwired coherence controllers, namely, multi-
ple protocol engines, pipelined protocol engines, and split bottleneck for applications with high communication re-
request-response streams.

. . . : . quirements.

Split request-response streams is an innovative contri- :
bution of this paper. The performance of pipelining in the ~ Motivated by these results, we study three approaches to
context of coherence controllers has not been presented irdlleviating this problem: multiple protocol engines (PEs);
the literature. Multiple protocol engines has not been stud- Split request-response streams; and pipelined protocol en-
ied in the context of hardwired controllers except for a study gines. A coherence controller with multiple PEs can han-
of ours and only to a limited extent. dle multiple coherence transactions in parallel. Each PE

Using both commercial and scientific benchmarks on de- can have two protocol handling units, one for handling
tailed simulation models, we present experimental resultsthe request stream and the other for handling the response
that show that each mechanism is highly effective at reduc-stream, in parallel. Finally, the protocol handling unit can
ing controller occupancy by as much as 66% and improving be pipelined to allow overlapping queue arbitrations, direc-
execution time by as much as 51%, &pplications with  tory accesses, protocol processing, and state maintenance.
high communication bandwidth requirement. A combina- The increased parallelism and overlapping of coherence op-

tion of mechanisms further reduces controller occupancy erations offered by these approaches serves to decrease the
and execution time by as much as 78% and 61%, respec-,erall occupancy of coherence controllers.

tively. . .
. Multiple PEs were employed in the Sun S3.mp [15] ar-
Our results show that applying any of the parallel mech chitecture. The coherence controller dedicates one proto-

anisms in the coherence controllers allows integrating four . . .
. col engine for handling transactions to local addresses and
times as many processors per coherence controller, thus re-

ducing system cost, while maintaining or even exceedingone for remote addresses. The architects of the Sequent

. STING [8] system also considered a similar approach as one
the performance of systems with larger number of coher-
ence controllers. of the ways to reduce controller occupancy. However, the

impact of this approach on the performance of these sys-
tems was not studied.

Michael et al [11, 10] evaluate systems with one local
and one remote PEs in the context of comparing the per-
formance of hardwired and programmable coherence con-

Previous research has shown that scalable sharedtrollers. Their results show significant improvements in
memory performance can be achieved on directory-tne performance of such systems over systems with single
based cache-coherent Hiprocessors such as the Stanford protocol-engine controllers. They also find load imbalance

*This work was performed at the IBM Thomas J. Watson Research Of coherence traffic at the protocol engines indicating the
Center as part of the HighT project. potential for more improvements if this issue is resolved.

Recent research results [4, 11] show that the occupancy
of the coherence controller (CC) can be the performance

1 Introduction




Falsafi and Wood [2] study the performance of parallel methodology and presents the experimental results and their
execution of fine-grained software coherence handlers onimplications. Finally, Section 4 presents our conclusions
an SMP cluster. They find that applications with high com- and recommendations for coherence controller designs in
munication requirements exhibit low speedups in the basefuture architectures.
system with a single dedicated protocol processor. On the

proposed system that utilizes idle processors on SMP node®  Coherence Controller Microarchitecture
for parallel protocol processing, these applications show ac-

ceptﬁble pe.rforrrpance |mprovgmeipts. In this section, we detail the microarchitecture of the co-
The Magic chip [3] uses a pipelined and two-way super- herence controller designs under study, focusing on mul-

scalar programmable controller to handle coherence ransyn e pes pipelining, and split request-response streams.
actions. The pipeline in Magic is very similar to a processor First, we describe the overall system and coherence con-

pipeline which fetches and executes instructions from MEM-troller architecture that is common for all the designs pre-
ory to manipulate coherence transactions. sented in the paper

In this paper, we cover the issue of multiple PEs in more '
depth and its synergy with other occupancy reduction tech-2 1 General System Organization
niques: split request-response streams and pipelining. The™
split streams approach is an innovative contribution of this In this study, we use a shared memory system as shown
paper. In contrast to the Magic chip, the pipelining approach in Figure 1 Th,e system includes a number of SMP nodes
studied in this paper fetches protocol transactions from theOne of whiéh is shown in Figure 1(a). Each SMP node in-’
network and SMP input ports and manipulates them directly cludes four processors with L1 and.L2 caches. a remote
in hardware and is custom architected for coherence PrO-cache. interleaved main memory. and a b eIi,nediI-s
tocol handling. The performance impact of pipelining in - Y. PP P

. ) ..__transaction SMP bus. One to four SMP nodes are connected

coherence controllers has not been discussed in the liter S
; . to each coherence controller (CC) as shown in Figure 1(b).
ature in the past. We focus on hardwired coherence CONEen with four SMP nodes connected to a single CC, the
trollers because they have been shown to yield superior per-pin count of the CC chip can be kept well below 500 '
formance over protocol processors [4, 1.1]' : : The base CC architecture used in our study consists of

Thg results show that each approach is highly eﬁectlvg ata single protocol engine as shown in Figure 2. The PE
reducing controller occupancy by as much as 28% and Irn_contains a directory cache [9] whichitigates both the la-
proving execution time by as much as 16%, for applications

o o X . tency and bandwidth constraints of the directory. To ad-
with high communication bandwidth requirement on a sys- dress scalability concerns, we devised a new directory de-
tem with 1 SMP node (or 4 processors) per CC. A combi- y ’ y

: . sign called the Complete and Concise Remote (CCR) direc-
nation of mechanisms further reduces controller occupancy

and execution time by as much as 32% and 17%, respec-tory [6] Wh'Ch preserves th? propertles ofa fuI'I map direc-
tively tory but is comparable in size with a sparse directory. The

As more SMP nodes are attachedech CC, the im- details of the CCR directory and the directory cache are be-

provement is more significant. With 4 SMP nodes per CC, yond the scope .Of this paper and can be foqnd in [13]. The
. ' PE uses a pending buffer (PB) to keep transient state for the

the occupancy improves by as much as 66% and execution . .

: protocol transactions in progress. The coherence protocol

time by 51%. The compound effect of the three mecha- L T .

. 7 o . _is implemented within the protocol engine in a hardwired
nisms is a reduction in controller occupancy and executlonﬁni,[e state machine (FSM)
time by as much as 78% and 61%, respectively. '

This paper makes the following contributions: 22 Multiple Protocol Engines

e It quantifies the relative performance impact of the
three approaches and their synergy. The base architecture can be extended to include mul-
) i tiple protocol engines as shown in Figure 3. One or more
e It introduces the split request-response streams ap-pgg handle requests to locations resident on remote memory
proach to increase coherence controller parallelism.  (Rpg) and others handle requests to locations in the local
home memory (LPE).

The CC can have multiple LPEs and multiple RPEs
based on memory interleaving. Each of the multiple RPEs
or the multiple LPEs handles a non-overlapping region of

The rest of this paper is organized as follows. Section 2 physical memory. The multiple PEs can be assigned to in-
details the three mechanisms for reducing coherence conterleaved memory regions by using address bits at any po-
troller occupancy. Section 3 describes our experimentalsition in the physical address. However, low order memory

e It applies pipelining to the design of hardwired coher-
ence controller. It also applies fine-grained memory
interleaving to multiple protocol engines.
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Figure 3. A coherence controller with multiple pro-
tocol engines.

interleaving assignment of the PEs intuitively results in less
contention, as consecutive memory accesses would go to
different PEs.

The RPEs do not access the directory. The LPEs may
share the same directory, but each of them has a directory
cache associated with it.

2.3 Pipelined Protocol Handling

The operations that process a coherence transaction,
such as arbitration among incoming queues, pending buffer
and directory lookup and directory updates, etc., would take
several cycles if performed in a single pipe stage. Proto-
col processing operations can be broken into low latency
pipe stages to increase coherence controller throughput.
The pipeline in the protocol engine of our extended model
breaks naturally into four stages as shown in Figure 4. In
the first stage a transaction is fetched from an input queue.
In the second stage the directory cache and pending buffer
are read. If the transaction is a request, a lookup in both the
directory cache and the pending buffer is performed. How-
ever, if the transaction is a response, only the pending buffer
is read. In the third stage the transaction and the results of
the directory cache and pending buffeokup are presented
to a protocol handling unit for execution. In the last stage
the pending buffer and directory cache aplated and one
or more new transactions are issued to output queues of the
bus interface and/or network interface of the CC.

Each pipe stage occupies one coherence controller clock
cycle. Assuming typical standard cell technology, timing
analysis indicates that the four pipe stages are well bal-
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Within each PE two independent protocol handling units | |
can be used concurrently, one for protocol request transac- ' ( Response ‘
tions and one for response transactions [7]. The motivation = e e T | 7| Repouo
for separating request and response handling arises from the o } A% |
observation that they access the pending buffer differently. ‘

When a request is processed, an associative lookup of the
pending buffer is needed for collision detection and a pend-
ing buffer entry is allocated if no collision is detected. The  Figure 5. A protocol engine with split request and
index of the allocated pending buffer entry is assigned to all  response streams.
downstream transactions generated as a result of processing
the request. The transient directory state is also saved in
the allocated pending buffer entry. Each response carries a
pending buffer index that is used to retrieve the content of j¢ 4 eyiction is required. If so, the directory controller
the corresponding pending buffer entry when it arrives back |5 nches a writeback to the directory. The request proto-
at the coherence controller from which the corresponding ¢ handiing unit is notified of the directory cache miss and

request was generated. No collision detectioneisassary  responds by enqueuing the transaction in the sleep queue.
inthe case qf responses. . When the response from the directoryéseived, the direc-
_Noting this distinction, we separate the pending buffer i,y controller reactivates the transaction in the sleep queue.
into associative and indexed halves, as illustrated in Fig- T fetch unit will eventually fetch the transaction from the
ure 5. The associative half (PBA, 'A for address) contains gjeen queue and reprocess it. The request protocol han-
the address of the transaction in progress, and a valid bitjing ynjt processes the transaction and updates the pending

The indexed half (PBC, 'C for content) is where the state y, it |t also generates new request(s) and/or response(s)
of the pending transaction is maintained. Supporting mul-\ynich it inserts into the output queues.

tiple ports on the non-associative PBC portion is relatively o ]

easy which allows simultaneous accesses by request and re- R€SPONse processing is somewhat less involved than re-
sponse handlers. The PBC is multi-ported with two read duest processing. As noted, in the lookup phase the PBC is
ports and two write ports: one read-write pair for the re- read instead of the PBA. Since there is no directory cache
quest stream and another pair for the response stream. Thiookup the transaction is passed deterministically to the re-

PBA is single-ported and supports associative lookup for SPONSe protocol handling unit for execution. The response
requests. protocol handling unit may generate new responses which

The fetch unit retrieves a request or a response and dis!t launches by inserting them into output queues. It also
patches it to the lookup unit. If it is a request, the lookup updates the PBC on a dedicated write port and schedules a

unit launches reads to the PBA and the directory cache.diréctory cacheipdate, if applicable, through the directory
If there is a hit in the directory cache and ndliion in  controller.
the pending buffer, the transaction is forwarded to the re- Remote protocol engines are very similar to local pro-
quest protocol handling unit for execution and an entry in tocol engines, except that they do not contain a directory
the pending buffer is allocated. If there is a collision in cache or a sleep queue. Consequently, they operate much
the pending buffer, the content of the existing entry is for- more deterministically than local protocol engines. Also,
warded to the request protocol handling unit to handle thethe coherence protocol is very different for remote memory
collision. transactions than for local memory transactions. Therefore,
If the directory cache misses (and there is nbiigion), separate local and remote protocol engines not only increase
the contents of the directory cache set that missed is passethe degree of parallelism in the controller, but also simplify
along to the directory cache controller which determines protocol engine design.



Device Description
| CPU H GOOM:Z PowerPC | | Event H Latency |
[1 16KB, 4-way, LRU, 64-byte lineg ti :g EZP U ;
L2 1MB, 4-way, LRU, 64-byte lines 5oLl )
Remote Cachg) 16MB, 4-way, LRU L2 miss to address strobe on bus 8
SMP Bus 150MHz 16 byte-wide, fully
pipelined, split-transaction, Bus address strobe to bus response 28
separate address and data busds Bus address strobe to start of 36
CcC 150MHz CC,each onnecting cache-to-cache data pemse
to 1-4 SMP nodes Bus address strobe to next address strpti
Bus address strobe to start of data 40
Table 1. Architectural parameters of an SMP node. transfer from memory
Network point-to-point 52
CC issue request to bus 4
3 Experimental Results CC detect response from bus 4
CC issue network message 4
In this section, we present simulation results of the ef- | CC directory read (on-chip DC hit) 4
fect of the three throughput-enhancing mechanisms on sys- | DRAM directory read 40
tem performance. We investigate the synergy among these | CC directory write 4
mechanisms and their effect on CC performance. First, we | CC handler dispatch 4

present the experimental methodology.
Table 2. No-contention latencies in processor cycles.

3.1 Experimental Methodology

We use execution-driven simulation based on a PowerPC
version of the Augmint simulation toolkit [14]. Our simu- | Application|| Type

Problem size |

lator includes detailed contention models for SMP buses, [EET FFT computation 256K com-
memory controllers, interleaved memory banks, protocol plex doubles
engine pipelines, directory memory, and external pointcon- Blocked dense linear | 512x512
tention for the interconnection network. Table 1 details the algebra matrix, 16x16
architectural parameters of an SMP node. No-contention blocks
latencies of the system are shown in Table 2. Ocean Study of ocean 558258

We use both commercial and scientific benchmarks in movements ocean grid
the performance experiments. The commercial workloads| Radix Radix sort IM _integer
are traces of 1ibion instructions of TPCD and 400 mil- keys, radix 1K

lion instruction of TPCC [16] runs on IBM DB2 [5] using Water-

, ) Study of forces and 512 molecules
memory-resident databases running on 32-processor syst

X Spatial potentials of water
tems. We collected traces of the commercial workloads us- molecules in a 3-D grid
ing the COMPASS [12] environment. The scientific bench- [=yziar O(n?) study of forces | 512 molecules
marks are six applications from the SPLASH-2 suite [17] of Nsquared || and potentials in water

parallel applications running on 64-processor systems. The
data set sizes we use for the SPLASH-2 applications are as TPCD
in Table 3. All benchmarks are written in C and compiled
using the IBM XLC C compiler with optimization level -
02. All experimental results reported in this paper are for
the parallel phase only of these applications. We ran all
the applications with data sizes and systems sizes for which TPCC
they achieve acceptable spe@s (all except for LU achieve
at least 50% efficiency).

The base architecture includes CCs without any of
the mechanisms under study. Each CC is a single non- Table 3. Benchmark types and data sets.
pipelined, combined request-response streams PE. We use

molecules
Benchmark for 1GB database
measuring relational
database performance
of Decision Support
applications.
Benchmark of On-Line| 500MB
Transaction Processing database
workload.




its performance as a comparison point for the performance

of other configuration with more features. We vary the | Applications cC Improvement in

number of CCs in the system while keeping the total num- Features Execution Time (%)
ber of processors in the system constant, 64 processors fqr 1SMP] 2 SMPs| 4 SMPs
SPLASH-2 and 32 processors for TPC benchmarks, to vary| FET LR, 12.58 27.18] 31.46
the load on the CCs. LR, | 11.48| 26.70| 34.05
LRy 15.08 34.54 43.68
3.2 Multiple Protocol Engines LaRy 1566| 37.90| 51.13
LU Li1Ry 0.23 1.00 1.42
Table 4 shows the impact of multiple PEs on system per- L2Ro 0.15 1.54 1.47
formance with various system configurations (column 2). LaRy 0.26 2.00 2.02
We use the expression, R, to denote a CC witl: LPEs LaRy 0.28 2.03 213
andy RPEs. For a CC witk PEs that handle both localand | Ocean L1R; 6.10| 24.17| 26.38
remote transactions, we label it agRy. The base config- L2Ro 5.65 22.25| 27.82
uration utilizes a single combined local-remote PE#&th LaR; 721 2472 26.92
CC, as specified by the expressiofRy. The most aggres- LaRs 7.99| 31.23| 41.84
sive configuration in the table is denoted byRs, i.e., each Radix L:iR; 3.46 6.87| 11.96
CC contains 2 LPEs and 2 RPEs. L2Ro 1155 11.33| 1448
The three rightmost columns show the improvement in LoRy 12.30| 12.84| 17.67
application execution times on systems with different con- LaRy 12.70| 13.95| 19.74
figurations of multiple PEs over the execution time of the | TPCC LiRy 540 | 1440 22.04
base system with 1, 2, and 4 SMPs per CC, respectively. Fo L2Ro 532 | 13.88| 2273
applications with low communication rates such as Water- LaR; 6.09| 16.35| 25.69
Spatial and LU, the CC architecture has little impact on L2Rs 6.23| 17.06| 26.36
overall system performance. However, for applications with | TPCD LiR: 3.25| 11.93| 1453
high communication rates such as FFT and Ocean, using L2Ro 3.22| 1175 14.89
multiple PEs per CC can improve performance by as much LoRy 4.08| 13.48| 16.38
as 51%. Of the commercial workloads, TPCC and TPCD LaRy 4.07| 1413 16.92
improve by 26% and 17%, respectively. Water-Nsq LiR; 101 5.20 8.11
In Table 5 we notice that multiple PEs are effective in re- L2Ro 0.97 4.66 7.32
ducing average CC occupancy (column 3) and average C( LoRy 121 5.38 8.81
gueuing delay (column 4). However, a significant reduc- LaRs 1.39 5.73| 10.36
tion in CC occupancy and CC queue delay translates to g Water-Sp LiR; 0.59 1.02 1.06
substantial improvement in execution time only for appli- L2Ro 0.56 0.94 0.95
cations with high CC utilization (shown in column 5), as LoRy 0.66 1.03 1.03
in the case of FFT, Ocean, Radix, TPCC, and TPCD. The LoRs 0.68 1.38 1.42

remaining applications have low CC utilization as a small ] ]
portion of memory accesses involve the CCs. Because they 1able 4. Effect of multiple protocol engines on ex-
encounter little contention in the CCs, their execution times ~ €cution time (normalized to4[R). Column 2 uses
are less affected by the increase in CC parallelism. LzR, to denote a coherence controller with. PEs
The last column of Table 5 shows the average number andy RPEs.
of processed coherence operations per CC cycle (OPC). We
see that for the applications with high CC utilization and
long CC queuing delay, the OPC increases as PE parallelismory. From Table 4 we find that only the benchmarks with
increases. However, as more parallelism is added to the syshigh LPE to RPE occupancy ratio, benefited from using 2
tem, the OPC remains almost constant and the improvement. PEs and 1 RPE over 1 LPE and 1 RPE. For instance, FFT
in execution times diminishes. and Radix have high LPE-RPE occupancy ratios and thus,
Table 6 shows the load distribution between an LPE and are able to take advantage of the additional parallelism pro-
an RPE. We observe that although there are more operavided by the I;R; configuration. On the other hand, Ocean
tions on the RPE on the average than on the LPE, the aggrehas the same occupancy in the LPE and RPE and thus, un-
gate occupancy requirements (i.e bandwidth) of the LPE areable to take advantage of the extra LPE in th&\ config-
more than those of the RPE as a result of directory accesauration.
occupancy in the LPE, since RPEs do not access the direc- It is interesting to note that the configuration with 1 LPE



Apps CcC Reduction CC CC | OPC Applications | Number of Operationg Occupancy
features| inCC queuing | util | x100 (LPE:RPE) (LPE:RPE)
occu. (%) | time (CC | (%) FFT 0.86 1.36
cycles) LU 0.92 1.26
FFT L:1Ro - 51.34| 76| 20.2 Ocean 0.78 1.08
LiR: 40.55 2590| 66| 29.4 Radix 0.79 1.45
L2Ro 43.63 2419 | 65 30.6 TPCC 1.00 1.44
L2R 55.96 16.62| 60 35.8 TPCD 1.00 1.40
L2R2 65.79 10.71| 54| 413 Water-Nsq 0.81 1.08
LU Li1Ro - 15.94 8 2.2 Water-Sp 0.80 1.06
L1 Ry 14.74 7.83 7 2.3
::220 %g-gg Z-éi g gg Table 6. Load ratio between LPE and RPE on a sys-
LzR: 93.22 373 5 23 tem with 4 SMPs per CC.
Ocean LR, - 2323| 64| 183
L1 Ry 27.36 11.11| 63 25.0
L2Ro 24.04 968\ 67| 29.7 remote nodes, the RPE provides higher throughput while
L2R 25.37 8.96| 65 29.2 S . .
L,R, 41.97 203! 64| 369 maintaining load balance with the LPE. ThgRy configu-
Radix LR - 3523 42| 102 ration,onthe other hand, interleaves all transactions among
LR 23.32 1836| 37| 116 two PEs that process transactions for both local and remote
L2Ry 27.40 1446| 36| 12.0 addresses. As such, there is a higher chance that a local-
L2Ry 34.38 9.87| 33| 125 address transaction missing in the directory cache stalls a
L2R> 39.04 707| 32| 128] remote-address transaction.
TPCC L1Ro ) 15.32) 85| 232 On the system with 4 SMPs per CC, Table 4 shows that
:::g; gg:gg g:% gi 3(1)1 the L,R, configuration performs better than theR; one.
LR, 30.99 231| 79| 325| Asmore SMPs are attached to each CC while keeping the
LR, 33.68 185| 771 329 total number of processors constant, there are fewer nodes
TPCD L:Ro - 10.85| 81| 225 in the system and thus there are more accesses to the local
L. Ry 23.01 279 | 73| 27.0 memory modules. 4Ry provides two LPEs to processes
L2Ro 23.58 265| 73| 27.1| traffic destined for local node and improves the through-
::221 gg'gg i'gg gg g;; put. Although the transactions destined for remote nodes
22 ' : : are more likely to be delayed by directory cache miss stalls,
Water-Nsq|| LiRo - 19.80| 23 6.7 . . .
LR, 32.83 839 | 17 71 the balance in traffic to the PEs improves the overall execu-
L2Ro 31.72 871! 17 71 tion time. On the other hand, the R; configuration suffers
L2R: 36.75 591 | 16 7.4 load imbalance because it has only a single LPE to handle
L2Ry 45.10 342 | 14 7.4 the increased traffic to local addresses.
Water-Sp L1 Ro - 20.34 7 2.0
L:R 25.14 8.50 5 2.0 inali ; ;
LR, 26.81 s07| s 20 3.3 Pipelined Protocol Handling Units
L2Ry 28.03 7.32 5 2.0
LsR, 39.44 3.13 4 21 Table 7 compares the performance of systems with co-

Table 5. Effect of multiple protocol engines on CC

performance on a system with 4 SMPs per CC.

herence controller with pipelined PEs against the perfor-
mance of the base system. The last three columns show
the improvement in execution time of pipelined-PE systems
over that of the base system, with 1, 2, and 4 SMPs per CC,
respectively. We observe that using pipelining can improve
execution time by as much as 39%, which is comparable to

and 1 RPE (LR;) usually provides better performance than the results with 2 PEs.

that with 2 PEs (kRy), for systems with 1 or 2 SMPs per

Table 8 shows similar trends in average CC occupancy

CC. The former configuration provides an exclusive RPE and average CC queuing time reduction as multiple-PE sys-
for memory accesses to remote addresses. The RPE ertems. Column 2 uses,Ro denoteu stages in the pipeline
counters less stallslsause it does not access the directory. of each PE. Pindicates that a PE has a single non-pipeline
Table 6 shows that the number of coherence transactionstage that can handle only a single coherence transaction
destined for remote nodes outnumbers that for the localuntil it exits the PE. P indicates that the PE has 4 pipeline
node. With less stalls and more transactions destined forstages with a throughput of 1 coherence transaction per CC



Applications || Improvement in Execution Time (%) Apps CC Reduction CcC CC | OPC

1SMP | 2SMPs | 4SMPs features| inCC queuing | util | x100

FFT 8.81 28.28 39.25 occu. (%) | time (CC | (%)

LU -0.18 3.66 1.83 cycles)

Ocean 3.54 25.69 34.46 FFT P - 51.34| 76 20.2
Radix 6.01 7.18 12.16 Py 50.75 18.10| 62 33.2
TPCC 2.99 13.72 24.07 LU P - 15.94 8 22
TPCD 1.91 11.17 14.64 P, 14.32 3.78 7 23
Water-Nsq -0.28 4.56 8.84 Ocean P N 2323 64 183
Water-Sp -0.04 0.57 0.97 P 30.13 536 | 68 34.0
Radix Py - 35.23| 42 10.2
Table 7. Effect of pipelined protocol engines on ex- P, 25.67 15.04| 36| 11.7
ecution time. TPCC Py - 1532 85| 232
Py 28.20 1.61| 80 32.1
TPCD Py - 10.85| 81 225
Py 23.06 1.30| 73 27.2
cycle when the pipeline is full. In the the Blesign, each Water-Nsq P - 19.80| 23 6.7
transaction takes (assuming a directory cache hit) three CQ P, 35.57 3.73| 16 7.5
cycles to go through the PE. That is, pipelining increases PE Water-Sp Py 2034 7 2.0

latency from 3 to 4 cycles, but improves throughput from Ps 21.37 424| 5] 20
one operation per 3 cycles to one operation per cycle.
Similar to multiple-PE systems, applications that have
high CC occupancy (column 3) combined with high CC uti-
lization (column 5), show significant improvement in exe-
cution time. For these applications, pipelining is effective
at increasing throughput. Indeed, the last column shows
that the number of processed coherence operations per cy-

Table 8. Effect of pipelined protocol engines on CC
performance (averages) on a system with 4 SMPs per
CC. R and R in column 2 represent non-pipelined
and pipelined protocol engines, respectively.

cle increased Signiﬁcantly for FFT, Ocean, and TPCC. The App”cations |mprovemen’[ in Execution Time (%)
OPC numbers are similar to those of multiple-PE configura- 1SMP | 2SMPs [ 4SMPs
tions, indicating that pipelined-PE systems are as effective FFT 11.09 26.45 34.64
as multiple-PE systems in enhancing coherence throughput. | LU 0.32 3.90 1.82
Note that the directory cache is essential to minimize bub- | Ocean .11 23.16 28.91
bles in the pipeline by keeping the average directory access | Radix 8.58 8.22 13.74
e || s
On a system with 1 SMP per CC, LU, Water-Spatial and Water-Nsq 1.03 4.91 8.28
Water-Nsquared do not show improvement with pipelin- Water-Sp 0.68 1.24 0.95

ing. These applications have low communication and do
not require more aggressive PEs. Their execution times in-  Table 9. Effect of split request-response streams on
crease slightly, because they incur one more cycle in the execution time.

pipelined design than the non-pipelined design without ben-

efiting from the throughput-enhancing effect of pipelining.

each PE hag handling unit in each PE for both requests
3.4 Split Request-Response Streams and responses, and ® indicates that there agehandling
units, one for requests and the other one for responses. Col-
Table 9 shows the improvement in execution time of a umn 3 shows that the reduction in CC occupancy is more
system with split-stream protocol engines over the execu-than 44% for all applications and up to 58% for FFT. Simi-
tion time of the base system with 1-SMP, 2-SMP, and 4- larly, column 4 shows that the response time of applications
SMP CCs. We observe that using split-stream PEs can im-for the split-stream-PE systems is much lower than that of
prove execution time by as much as 35%, which is compa-the base system. However, the overall execution times im-
rable to the 34% improvement in using 2 PEs and 39% with prove significantly only for high-communication applica-
pipelined PEs. tions such as FFT, Ocean, TPCD, and TPCC that also have
As in the case of multiple and pipelined PEs, split-stream high CC utilization (column 5).
PEs also reduce average CC occupancy and average CC One issue with having two different handling units for
gueuing time. Column 2 of Table 10 usest8 denote that  requests and responses is that whether they are balanced in



Apps CcC Reduction CcC CC | OPC Apps Num. of Occupancy Inter-arrival
features| inCC queuing | util | x100 operations (million time (in
occu. (%) | time (CC | (%) (million) CC cycles) CC cycles)
cycles) RQ | RS RQ |RS RQ | RS
FFT S - 51.34| 76 20.2 FFT 1.03| 0.98 415| 354 6.64 | 6.33
S 58.24 24.18 | 49 30.9 LU 0.22| 0.22 0.78| 0.75 87.84| 88.33
LU S - 15.94 8 2.2 Ocean 3.58| 3.29| 12.12| 12.10 6.93| 6.36
S 41.61 5.96 5 2.3 Radix 0.55| 0.55 262 | 1.90 17.12| 16.91
Ocean S - 23.23| 64 18.3 TPCC 2.63| 2.50| 19.07| 18.39 6.46| 6.14
S 46.25 9.57| 48 30.1 TPCD 2.83| 2.83| 21.05| 19.80 7.28 | 7.29
Radix S - 35.23| 42 10.2 Water-Nsq|| 0.32| 0.30 1.10| 1.05 29.02| 26.94
S 46.93 1595 26 11.8 Water-Sp 0.06 | 0.06 0.22| 0.20 || 103.47| 92.90
TPCC S - 15.32| 85 23.2
S 64.42 302| 40| 318 Table 11. Request and response handling units.
TPCD S - 10.85| 81 225
S 62.86 220| 36 27.5
Water-Nsq || S - 1980\ 23| 6.7 {ion of two mechanism, its execution time improves by at
S 50.90 794 12 /2 least 50%. In particular, the improvements are 52% with
Water-Sp || S | 284 T 201 hiselined and split-stream PEsy®,P:S;), 50% with mul-
S, 4432| 1000| 4| 20| PP plit-stream PES, P4 S,), 50% with mu

tiple split-stream PEs (IR; P1 S;), and 52% with multiple
pipelined PEs (LR1P.S;).

However, applying more features yields diminishing re-
turns. For TPCD and TPCC, applying pipelining on top of
other features degrades performance as the throughput of
the CC becomes adequate. In these cases pipelining only
adds to the latency.

) The simplest and least expensive path to achieving
terms of number of coherence operations, occupancy, remost of the performance benefit is the configuration with
sponse time, and the interarrival time of coherence mes-1 | pg and 1 RPE, with split request-response streams
sages at these units. Table 11 compares the request un'ﬁ_lRlplSz)_ Separating the FSMs of the LPE and RPE and
(RQ) with the response unit (RS). Columns 2 and 3 show tne response and request streams simplifies the design by
that the number of requests sent to both units are comparareducing the number of input/output queues and wire chan-
ble. Columns 4 and 5 show that request and response Unitge|s petween the queues and the PEs. Separating the RPE
have similar occupancy. The occupancy at the request unitrom the LPE allows responses to peed deterministically

is slightly higher than that of the response unit for most ap- without stalls through the RPE. Similarly, separating the re-
plications because requests usually look up directory cache.?gpOnse stream from the request stream allows responses to
for directory entries. Similarly, the interarrival times of proceed wibout stalls. Split streams provides efficient uti-
messages at both units (column 6 and 7, respectively) ar§jzation of PE resources such as the pending buffer, queues,
also very close. In short, Table 11 indicates that the two g the directory cache. Our results show that using the
units are balanced. L:R;P;S; configuration on the average achieves 89% of
the performance improvement obtained by using the best
performing configuration. Nearly all of the remaining 11%
can be achieved most simply with the configuration with

We showed that multiple PEs, pipelining, and split- 2 LPEs and 2 RPEs, with split request-response streams
streams are equally effective at enhancing CC throughput(L2R2P1S).
when applied individually. Now, we discuss the synergy
among the three mechanisms on system performance. Ta3.6 Number of SMPs per Coherence Controller
ble 12 shows the improvement in execution time of vari-
ous combinations of mechanisms relative to the execution In this subsection we relate the effect of the three mech-
time of the base CC, on a system with 4 SMPs per CC. Weanisms on a system with one SMP per CC to that of systems
observe that combining two mechanisms improves perfor-with two and four SMPs per CC.
mance beyond that achieved with a single mechanism. For Table 13 shows the improvements in execution time for
example, the execution times of FFT improve by at least systems with various combinations of CC architectural fea-
31% by employing a single mechanism. With a combina- tures relative to the execution time of the base configura-

Table 10. Effect of split request-response streams on
CC performance (averages) on a system with 4 SMPs
per CC. S represents a protocol engine witthan-
dling units.

3.5 Synergy among Mechanisms



[ FFT [ LiRe | LiRi | L:Rx | Applications cC Improvement in
P S - 31.46 51.13 Features Execution Time (%)
S 34.64 50.37 59.61 1 SMP | 2 SMPs| 4 SMPs
Py S 39.25| 52341 59.22 FFT LiRP S 000 -1461| 5213
S °195] 5824] 60.80 LRPS | 1258 1654 -4.27
[ LU [ LiRe [ LiRi | LRy | LiRoP:Si 8.81| 17.80 7.58
P S - 1.42 2.13 L:RoP,S; | 11.09| 15.70 0.57
5 gf i.gg gig g-gi LRP.S | 1343] 27.32| 2750
4 . . . LiRiPS: 16.34 28.96 24.50
S 2.21 2.26 2.26 LiRoPsS, | 12.48| 25.99| 26.90
[ Ocean [ LRe | LRk [ LR ] L.R:P. S 15.66| 28.82 25.65
P S - 26.38 41.84 LRiPS; | 1481 30.20| 36.47
S 28.91 42.46 46.55 LoR:P:iS, 15.08 31.24 40.36
Py % SRR M VY R R Ocean L.R,P.S, | 000| -6.76] -13.45
- - - LiRiPS 6.10 19.05 16.49
[_Radix [ LR | LiRi [ LR ] LiRoP:S, | 3.54| 20.67| 25.65
P S - 11.96 19.74 LiRoP S, 511| 17.97| 19.35
S, 13741 18.04] 2231 LR P:S 584| 25.16| 3603
Ps % ig-ég g%g gcl);g LLRPS, | 7.09| 2654| 34.72
- - - LiRoP:S 5.61 24.84 35.53
[ TPCC [ LRe [ LiRi | LR | LoR.P, S 7.99| 2658| 34.02
P % —_— gg-géll gg-gg LiRP:S 6.00| 26.19| 3758
5 = 07 SEaE SEET L2R2P: S, 6.15 26.87 37.92
3 25.18 25.63 25.72 . L
Table 13. Improvement in execution time of FFT and
[ TPCD [ LtRy, | LRk | LRy | ' ; X
= 5 = 1753 690 Ocean over the base configuration with 1 SMP per CC
S, 1555 1716 1745 and unoptimized PEs.
Py S 14.64 15.35 15.53
S 15.37 15.45 15.57
[Water-Nsq [ LiRe | LiRi [ LRy | o .
=) S, - 811 10 36 tures allows the system to maintain or even exceed its per-
S, 878 10.85 11.16 formance but with fewer CCs, thus reducing system cost.
P, S 8.84 9.79 9.73 As shown on the last column of the table, FFT improves
> 9.64 9.89 9.73 by 7.6% on a system with 4 SMPs/CC with pipelined PEs
[ Water-Sp [ LiRo [ LiRi [ LoRe | over the base system with 1 SMP/CC. For Ocean on the 4
Py % 5 9'5 i-gg igi SMPs/CC system, pipelined PEs reduce the execution time
A S, 007 100 110 significantly over the base system, improving it by 26%.
S 1.21 1.12 1.19 For low communication applications, even with fewer

CCs, there are not enough concurrent coherence activities
Table 12. Improvement in execution time over base to increase contention at the CCs. The execution times of
CC configuration. these applications actually improve over the base case be-
cause of the increased memory locality.

tion on a system with one SMP per CC. The second col-4 Conclusions

umn uses LR,P,S,, to denote a system wita LPEs, y

RPE, n pipeline stages, anth request-response streams. In this paper we study three approaches to alleviating
We concentrate on FFT and Ocean as representatives othe contention in hardwired coherence controllers, namely,
communication-intensive applications that stress the CCs.multiple protocol engines, split request-response streams,
For systems with 2 SMPs/CC and 4 SMP/CCs, we notice and pipelined protocol engines.

that the case of {RyP;S; underperforms the same con- We explore the design space using both technical and
figuration on the base system, as there are fewer CCs ircommercial workloads. The results show that each ap-
the system for nearly as many concurrent coherence operaproach is highly effective at reducing controller occupancy
tions. For these high-communication applications, the highby as much as 28% and improving execution time by as
contention at the CCs negates the benefits of the improvednuch as 16%, for applications with high communication
memory locality. However, applying any of the parallel fea- bandwidth requirement on a system with one SMP node



per CC. A combination of mechanisms further reduces con- ford FLASH Multiprocessor. IrProceedings of the Sixth
troller occupancy and execution time by as much as 32% International Conference on Architectural Support for Pro-
and 17%, respectively. However, applying more aggressive gramming Languages and Operating Systepegjes 274—

. . S 285, October 1994.
fhegacllglEglg:ﬁg:;&?&:';gng returns as the throughput of [4] C. Holt, M. Heinrich, J. P. Singh, E. Rothberg, and J. Hen-

nessy. The Effects of Latency, Occupance, and Bandwidth

The effect becomes more significant as multiple SMPs in Distributed Shared Memory Multiprocessors. Technical
are connected to each CC. With 4 SNtedes per CC, report, Stanford University, January 1995.
the occupancy improves by as much as 66% and execution [5] 1BM Corporation. DATABASE 2 Information and Concepts
time by 51%. Using combinations of the three mechanisms Guide for Common Servers Version 2, Document number

. . L : L S20H-4664-00, May 1995.
continues to bring significant performance gain for high [6] D. Joseph, M. Michael, and A. Nanda. Complete and Con-

communication applications. The compound effect of the cise Remote (CCR) Directory. Patent pending, 1999.
three mechanisms is a reduction in controller occupancy (7] D. Joseph, M. Michael, and A. Nanda. Split Multiported

and execution time by as much as 78% and 61%, respec- Pending Buffer. Patent pending, 1999.
tively. [8] T. Lovett and R. Clapp. STING: A CC-NUMA Computer
By connecting multiple SMPs teach CC and applying System for the Commercial Marketplace. Pmoceedings

: : : of the 23rd International Symposium on Computer Architec-
the throughput-enhancing mechanisms, we can reduce the ture, pages 308-317, May 1996,

number of CC nodes in the system and the size of the in- 9] M. M. Michael and A. K. Nanda. Design and Performance
terconnection network. This reduces the cost of the system of Directory Caches for Scalable Shared Memory Multipro-
with a small increase in CC complexity as multiple PEs, cessors. IfProceedings of High-Performance Computer Ar-
pipeline, and split-streams are employed. Our results show chitecture pages 142-151, January 1999.

that applying any of the parallel features to a system with [10] M. M. Michael, A. K. Nanda, and B.-H. Lim. Coherence
two or four SMPs per CC allows maintaining or even ex- Controller Architectures for Scalable Shared-Memory Mul-

. . tiprocessorslEEE Trans. Computergt8(2):63—-79, Febru-

ceeding the performance of a system with one SMP per CC ary 1999.

but without parallel features. That is, we can reduce the cost[11] M. M. Michael, A. K. Nanda, B.-H. Lim, and M. L. Scott.

of the CCs by up to 75% while improving performance by Coherence Controller Architectures for SMP-Based CC-
using the parallel features. NUMA Multiprocessors. IrProceedings of the 24rd Inter-
For future high-throughput coherence controller designs, national Symposium on Computer Architectyrages 219—

; ; 228, June 1997.
we recommend that high throughput features be added |n[12] A. Nanda, Y. Hu, M. Ohara, C. Benveniste, M. Giampapa,

the following order: separate LPE apd RPE (?ontrollers, split and M. Michael. The Design of COMPASS: An Execution
request/response streams, pipelining, multiple memory in- Driven Simulator for Commercial Applications Running on
terleaved protocol engines. Separating the FSMs of the LPE Shared Memory Multiprocessors. Rroceedings of the In-
and RPE and the response and request streams simplifiesthe  ternational Parallel Processing Symposi998.

design by reducing the number of input/output queues and[13] A. Nanda, A.-T. Nguyen, M. Michael, and D. Joseph.
wiring channels between the queues and protocol engines. ~ HiIghT: @ High Throughput Coherence Controller Microar-

. . o . chitecture for Scalable Shared Memory Multiprocessors.
Furthermore, this design eliminates stalls in the RPE and Technical report, IBM TJ Watson Research Center, 1999.

the response stream in the LPE. Split streams and pipelin-[14] A-T. Nguyen, M. M. Michael, A. D. Sharma, and J. Tor-

ing provide efficient utilization of protocol engine resources rellas. The Augmint Multiprocessor Simulation Toolkit for

such as the pending buffer, queues and directory cache. Intel x86 Architectures. IrProceedings of the 1996 IEEE
International Conference on Computer Desigages 486—
490, October 1996.
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