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Abstract developing technigues to minimize the number of DRAM
accesses, to issue those accesses early, or to tolerate their
This paper analyzes memory access scheduling and virdatency. However, since DRAM technology improvements
tual channels as mechanisms to reduce the latency of mairare unable to lower memory latency enough to keep up with
memory accesses by the CPU and peripherals in webincreased processing speeds, an increasing burden is placed
servers. Despite the address filtering effects of the CPU’son these techniques to prevent DRAM latency from becom-
cache hierarchy, there is significant locality and bank par- ing even more of a performance bottleneck.
allelism in the DRAM access stream of a web server, which ~ This paper analyzes memory controller policies to re-
includes traffic from the operating system, application, and order memory accesses to the SDRAM and to manage vir-
peripherals. However, a sequential memory controller tual channel SDRAM in order to reduce the latency of main
leaves much of this locality and parallelism unexploited, as memory accesses in modern web servers. SDRAMs are
serialization and bank conflicts affect the realizable latency. composed of multiple internal banks, each with a row buffer
Aggressive scheduling within the memory controller to that caches the most recently accessed row of the bank.
exploit the available parallelism and locality can reduce the This allows concurrent access and lower access latency to
average read latency of the SDRAM. However, bank con-rows in each row buffer. Virtual channel SDRAM pushes
flicts and the limited ability of the SDRAM'’s internal row this concept further by providing a set of channel buffers
buffers to act as a cache hinder further latency reduction. within the SDRAM to hold segments of rows for faster ac-
Virtual channel SDRAM overcomes these limitations by pro- cess and greater concurrency. By providing more channels
viding a set of channel buffers that can hold segments fromthan banks in the SDRAM, more useful memory is avail-
rows of any internal SDRAM bank. This paper presents able for fast access at any given time. However, the mem-
memory controller policies that can make effective use of ory controller must successfully exploit the features of both
these channel buffers to further reduce the average read la-conventional and virtual channel SDRAM in order to de-
tency of the SDRAM. liver high memory bandwidth and low memory latency.
In a modern web server with a 2 GHz processor and
DDR266 SDRAM, memory references (including operating
1 Introduction system, application, and peripheral memory traffic) arrive at
i _ the memory controller approximately once every 90—-100ns.
Network server performance has improved substantially ot this rate, a simple memory controller is able to satisfy
in recent years, largely due to scalable event notification 51, cPU and DMA accesses with an average read latency
mechanisms, careful thread and process management, angk 35_39ns for CPU loads and 24—27ns for DMA reads.
zero-copy I/O techniques. These techniques use the procesy, g ch a system, reordering accesses to the SDRAM does
sor and memory more efficiently, but main memory is still & 4t reduce the average read latency despite the available lo-
primary bottleneck at higher performance levels. Latency t0 ity and concurrency in the access stream. However, with
main memory continues to be a problem for both the CPU \;-4,,5| channel SDRAM, a memory controller that manages
and peripherals because the speed of the rest of the Syshe channels efficiently and uses a novel design to restore
tem increases at a mgch fas.ter.pace than SDRAM 'atencyupdated segments can reduce the DRAM latency by 9-12%
decreases. Despite this continuing trend, very little empha-t5. cpu l0ads and by 12-14% for DMA reads.
sis has been placed on a_rch_lt_ectural techniques to reduce aq the disparity between CPU speed and DRAM latency
DRAM latency. Rather, significant effort has been spent ,creases, scheduling memory accesses and exploiting vir-
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ory latency low. When references arrive at the memory of the DDR SDRAM clock. Furthermore, ea®EAD or
controller at a rate of approximately once every 40ns (still WRITE operation must transfer multiple columns of data,
slightly higher than the average latency when the referencegypically 2, 4, or 8. Finally, after the desired column op-
arrive more slowly), then references begin to queue up in theerations are performed, RRECHARGE command to the
memory controller. At this rate, memory access schedul- SDRAM restores the row in the indicated bank’s row buffer
ing can reduce the average latency of CPU and DMA readback to the memory array and precharges the bank for the
accesses by up to 86%. This reduction in latency is accom-next row activation. A more detailed overview of several
plished almost entirely by overlapping operations within the different modern SDRAM types and organizations as well
internal SDRAM banks, as the row hit rate increases by lessas an analysis of the impact of main memory organization
than 1% over sequential access. A memory controller thaton system performance can be found in [4] and [5].
efficiently exploits virtual channel SDRAM, however, can A DIMM is composed of several of these DDR
achieve substantially higher segment hit rates, resulting in aSSDRAMSs that share address lines. The data lines of each
reduction of the average CPU and DMA read latencies by SDRAM are concatenated with each other to form a wider
28-34% and 25-28%, respectively, below the lowest laten-data interface than any single SDRAM could support due
cies that can be achieved with conventional SDRAM and to packaging constraints. Therefore, all of the SDRAMs
memory access scheduling. perform exactly the same operations at the same time, ef-
These results stress that as CPU speeds continue to infectively acting as one large, wide SDRAM. For example,
crease at a faster pace than SDRAM latency decreases, inthe Kingston KVR266X72RC25 is a 1 GB PC2100 ECC
corporating latency reduction mechanisms into the mem-DIMM which contains 18 DDR SDRAM chips [8]. The
ory controller is critical. A memory controller that exploits achievable access latency of such a DIMM is highly depen-
the structure of well designed SDRAM can dramatically re- dent on the amount of bank parallelism that is exploited and
duce the achieved memory latency, which will lead to more the number of column accesses per row access.
efficient use of the CPU core and increased overall perfor-  The latency of the SDRAM operations provides ample
mance. Such mechanisms are complementary to existingopportunity for exploiting parallelism among the banks. For
latency reduction and tolerance techniques, and provide la-example, &EAD command could be issued to an active row
tency reductions that cannot be achieved by SDRAM tech-of bank 0 on one cycle, and atTIVATE command could
nology improvements alone. be issued to bank 1 on the next cycle. The read data transfer
The following section discusses dual in-line mem- and row activation would then occur in parallel. Another
ory modules (DIMMs) and the organization of modern READ command could be issued to bank 1 once the row is
SDRAM. Section 3 discusses the characteristics of theactivated. If the timing is right, then the second read could
memory accesses that occur in a web server. Then, Secbegin to use the data pins as soon as the first read is com-
tion 4 explains the concepts of memory access schedulplete. In this manner, parallelism can be exploited within
ing and virtual channels. Section 5 discusses how the webthe SDRAM to increase bandwidth and reduce latency.
server access traces were used to evaluate these mecha-
nisms, and Section 6 analyzes their performance. Section @ Memory Behavior

discusses related work, and Section 8 concludes the paper. I :
The memory access pattern within a web server is deter-

2 Modern DIMMS miqed by the o'perating system, web server applicati_on, .and
peripheral devices. Since modern web server applications

A modern dual in-line memory module (DIMM) for high ~actually have a very small memory footprint, especially

performance systems is composed of multiple double datathose that utilize zero-copy /O, the operating system and

rate (DDR) SDRAM chips. These SDRAMs are internally Peripherals must be considered to get an accurate picture of

organized as multiple (typically four) independent mem- memory system performance.

ory banks. Each bank contains a two—dmepsmnal array of3.1 Web Server Traces

memory cells that must be accessed an entire row at a time.

An ACTIVATE command to the SDRAM moves the indi- To analyze the behavior of the external memory in a web

cated row from the memory array to a dedicated row buffer server, memory traces were collected from a functional full

for that bank. Row activation is a destructive operation, so system simulation approximating a system composed of an

the row must ultimately be written back to the bank. Once AMD Athlon XP processor with 2 GB of physical memory

a row is active in the row buffer, any numberwRITE and and a 3Com 720024 Gigabit network interface card. The

READ commands can be issued in order to transfer columnssimulator accurately models the behavior of the system, but

of the active row into and out of the SDRAM. The width does not include any timing information. The simulated

of each column is equal to the number of data pins, andAthlon processor includes independent 2-way set associa-

columns are transferred on both the rising and falling edgestive L1 instruction and data caches, each with a capacity

YF]',F.
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Table 1. Web trace characteristics. Table 2. Breakdown of SDRAM accesses.

\ | CS [ IBM | SPEC | WC ] Trace | st [ Access Reads Writes
HTTP Throughput (Mbps)| 934 634 358 907 (1000s) Type | 1000s | MB | 1000s | MB
Connections/second 1258 2030 1064 1790 CPU 7,022 [ 4286 2,256 | 137.7
Requests/second 3349 | 27447 | 2904 | 16549 CS | 580927 512266 [ 1326 150 | 64
Packets/second (Receive] 48222 | 48701 | 34616 | 52111 IBM 1 602,714 5 —T1208 608 136 6.2
IPC 0.25 0.31 0.27 0.30

CPU 6,478 | 395.4| 1,780 | 108.6
DMA 1,503 | 86.6 437 23.6

of 64 KB and a line size of 64 bytes. There is also a uni- W 533 967] CPU 5136 | 3135 | 1,790 | 109.3
fied L2 cache that is 16-way set associative with a capacity ’ DMA | 1,719 | 100.0| 148 6.3
of 256 KB and a line size of 64 bytes. All three caches o

use a write-back policy, and the L2 cache also performs3.2 SDRAM Access Characteristics

next line prefetching on a miss. The traces were generateGapie » shows the characteristics of the SDRAM access
using Simics [11] running the FreeBSD 4.7 operating sys-gyream for the four web server simulations. These traces
tem and the event-driven Flash web server [16]. Flash usegycyde all memory activity from the entire system. As indi-
sendfi | e for zero-copy /Okqueue for scalable event .40 by the table, approximately 80% of the SDRAM refer-
notification, and helper threads for disk /0. The memory o, ces originate at the CPU, with the remaining 20% coming
traces include all operating system, application, and periph+om peripheral DMA transfers. Furthermore, read accesses
eral traffic. For each trace, approximately one billion to- yominate write accesses by a factor of 3.6. All CPU traffic
tal memory operations were simulated after the system wasg or 4B blocks (the L2 cache line size) whereas DMA
warmed up, resulting in about 10 million SDRAM accesses. yransfers are for differing lengths. For three of the traces,
Three actual web traces and a SPEC WEB99 run withp1_2494 of the CPU read accesses are for instructions, and
1000 connections (SPEC) were used to access the weBs5os are for instructions in the SPEC trace.
server while the memory traces were collected. The three  Figure 1 shows the cumulative distribution of the reuse
real traces are from the Rice Computer Science Departmengjistances for rows, segments, and 256 byte blocks of these
web site (CS), an IBM web site (IBM), and the 1998 Soccer SpRAM access traces. The reuse distance is the number
World Cup web site (WC). The three real traces were re- of ynique locations (row, segment, or block) accessed be-
played bysclient a synthetic web trace replayer that uses an tween accesses to a particular location. Since this data is
infinite demand model to stress the bandwidth Capabi“tieSConected using memory traces these accesses could occur in
of the server [1]. SPEC WEB99 uses a connection-orientedy sjightly different order in a real system because of timing
model to determine how many simultaneous connections gssues. However, the figure shows some very clear trends.
server can handle. These traces all have working set sizegigure 1A shows the reuse distance for 32 KB blocks, which
that fit within 2 GB of memory, so they include very few s equivalent to the row size in a 1 GB DIMM. For these
disk accesses after the file cache is warmed up. rows, 51-59% of the accesses have reuse distances between
Table 1 shows the characteristics of the web traces wherp and 3, indicating that there is a good chance of getting a
they access a real web server matching the configuratiorrow hit in the SDRAM. Furthermore, about 6% more of the
that was used to collect the memory traces. The servefaccesses have a reuse distance between 4 and 15, and fully
contains an Athlon XP 2600+, 2 GB of DDR SDRAM, 92-97% of the accesses have a reuse distance less than 512.
and a 3Com 720024 Gigabit network interface card. TheSo, there is significant locality in row accesses to SDRAM
table shows the rate at which connections are establishe¢h actual web servers. In fact, less than 0.1% of the accesses
and HTTP requests are made, as well as the rate at whiclin these traces were to rows that had not previously been ac-
packets are sent and received by the server. The servetessed in the trace.
achieves near the peak bandwidth of the Gigabit Ethernet Figure 1B shows the reuse distance for segments, which
link for the CS and WC traces. In contrast, the HTTP is one quarter of a row (8 KB). Such segments are used in
throughput is much lower for the IBM and SPEC traces. virtual channel SDRAM, which will be described in Sec-
For the IBM trace, the processing required by the connec-tion 4.2. The accesses with very short reuse distances re-
tion and request rates limits the achieved bandwidth. Formain about the same: 50-58% of the accesses have reuse
the SPEC trace, the memory capacity and the processing tdistances between 0 and 3. However, only 83—-88% of the
generate dynamic content limits the connection rate and theaccesses have a reuse distance less than 512, so there is
achieved bandwidth. The table also shows the achieved IPGlightly less segment locality than row locality.
of these benchmarks, measured using the Athlon’s perfor- Finally, Figure 1C shows the reuse distance for 256 byte
mance counters. These IPC values will be used to estimatélocks. Such blocks could be used to form a cache in the
the average time between SDRAM accesses in the traces. memory controller or SDRAM. As the figure shows, how-
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