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Abstract

The RAMpage memory hierarchy is an alternative to the traditional
division between cache and main memory: main memory is moved
up a level and DRAM is used as a paging device. The idea behind
RAMpage is to reduce hardware complexity, if at the cost of soft-
ware complexity, with a view to allowing more flexible memory
system design. This paper investigates some issues in choosing be-
tween RAMpage and a conventionalcache architecture, with aview
to illustrating trade-offs which can be made in choosing whether to
place complexity in the memory system in hardware or in software.
Performance results in this paper are based on a simple Rambus im-
plementation of DRAM, with performance characteristics ofDirect
Rambus, which should be available in 1999. This paper explores
the conditions under which it becomes feasible to perform a con-
text switch on a miss in the RAMpage model, and the conditions
under which RAMpage is a win over a conventional cache archi-
tecture: as the CPU-DRAM speed gap grows, RAMpage becomes
more viable.

1 Introduction

The RAMpage memory hierarchy [Mac96, MS98] moves the main
memory up a level to what is traditionally the lowest-level cache,
and uses DRAM as a paging device. RAMpage is an attempt at ex-
ploiting the growing latency gap between faster levels of the system
(SRAM and CPU) and DRAM. While this gap is a problem many
are working to reduce, it also presents an opportunity to do more
interesting work during a miss to DRAM.

Characteristics of DRAM are very different to those of disk:
latency is orders of magnitude lower, and the cost in lost band-
width of initiating a new, non-contiguous access is also consider-
ably lower. Accordingly, the opportunities for interesting activities
on a miss are not as great as with a traditional page fault to disk,
but kinds of activities proposed in the 1980s for software-managed
caches [CSB86, CGBG88] are now more feasible, and there is the
potential to explore even more interesting possibilities,such as con-
text switches on misses.�At time of writing, the first author was on sabbatical at Advanced Computer Ar-
chitecture Laboratory (ACAL), Electrical Engineering andComputer Science Depart-
ment, University of Michigan.

Despite the big differences between DRAM and disk, it is inter-
esting to observe that the latencies for page faults in the first com-
mercial virtual memory system, the Atlas [KELS62], were of the
order of a few hundred to over 1,000 instructions, which is roughly
the cost of a miss, if a page-sized unit is used in the interface be-
tween DRAM and SRAM today.

This paper presents some data on performance of the RAMpage
hierarchy, in which DRAM is modeled as a simplified version ofthe
proposed Direct Rambus design [Cri97]. In order to illustrate the
possibilities for doing interesting things on a miss, the paper also
presents data on cases where taking a context switch on a missis
feasible.

The focus here is on demonstrating the way in which gains re-
sulting from a more sophisticated software strategy can be traded
against hardware complexity. The software-based approachobvi-
ously has to be slower than the hardware-based approach where
like activities are compared, but the software strategy cangain by
reducing the frequency of worst-case events.

To illustrate how the RAMpage model competes with a con-
ventional design, it is compared first with a baseline designwith a
direct-mapped second-level (L2) cache, and then with a 2-way as-
sociative L2 cache. The goal is to compare first with like hardware,
then show that RAMpage can be seen as an alternative to a more
complex hardware strategy.

Through managing the lowest level of SRAM as a paged mem-
ory, RAMpage is able to achieve full associativity without ahit
penalty and the resulting reduction in misses compensates for the
extra time required for each miss. The trade-off of interesthere is
whether doing more in software (which gives the CPU and the up-
per levels of the memory hierarchy more work) results in any gains
either in reducing hardware complexity, or in improving perfor-
mance. Since the direct-mapped cache represents approximately
the same hardware complexity as RAMpage, the goal versus this
baseline design is to show a clear performance win. A 2-way as-
sociative cache requires more complex hardware particularly if hit
time is not to be compromised, so the goal for RAMpage versus this
more realistic design is to show that trading hardware complexity
for software complexity (with its inherently greater flexibility) does
not result in a performance loss.

A recent CPU design, the PowerPC 750, has on-chip L2 tags
and logic, which take up a substantial amount of space on the CPU
chip. In order to keep costs under control, the designers were forced
to make compromises. The PowerPC 750 can have up to 1Mbyte
of L2 cache, but a cache of this size is required to have a 128-byte
line size (though coherency is maintained at the level of 32-byte
blocks) [IBM98]. Moving tags off-chip could in principle allow
the on-chip 32 Kbyte L1 data or instruction cache to be doubled



in size1. Another useful benefit of removing the on-chip L2 tags
is that L2 parameters need not be fixed in the design at an early
stage. Of course, on-chip L2 tags were introduced for performance
reasons, and it is therefore important that a strategy for moving the
tags off-chip should not result in a performance penalty.

In addition, there is demand for chip real-estate for additional
functionality such as additional functional units and branch predic-
tion tables [KE97]. If an alternative memory management strat-
egy can achieve at least the same performance as a conventional
2-level cache implementation without requiring on-chip tags, other
performance enhancements could use this space. Alternatively, the
same performance could be achieved at lower cost since less on-
chip hardware is needed.

The Pentium II uses a different strategy: it has a specialized
package containing the CPU, tags and L2 cache [Int98], whichhas
other drawbacks, most specifically, that the cache size is fixed at
time of manufacture. Both the Pentium II and PowerPC 750 illus-
trate the problems in providing flexibility in the design of the L2
cache, while ensuring a fast hit time.

An additional advantage of a software implementation is that it
becomes possible to vary the page size dynamically, whereasthe
design constraints on caches typically require that line (or block)
sizes be fixed (in the PowerPC 750, for example, the line size is a
function of the total size of the cache and cannot be varied under
program control [IBM98]).

Although not explored in this paper, other possibilities which
could arise include addressing DRAM through higher-level abstrac-
tions (for example, a driver which makes it look more like a disk).
Such an approach would make it easier to retrofit RAMpage to an
existing operating system without major software changes.An-
other advantage of such an implementation is that DRAM access
could be more tightly managed, with more sophisticated models
for protection, sharing and resource management.

The remainder of this paper is organized as follows. Section
2 gives an overview of the major features of the RAMpage de-
sign. Section 3 goes on to explain the problem RAMpage addresses
in more detail and summarizes other work on similar problems.
Section 4 describes the simulated systems, including why specific
paramters were chosen. Results of simulations are presented in
Section 5. In conclusion, overall findings and future work are dis-
cussed in Section 6.

2 RAMpage Overview

2.1 Introduction

Figure 1 shows the major conceptual differences between a RAM-
page and conventional hierarchy; only the first two levels ofmem-
ory are shown, since DRAM and paging to disk are organized the
same way (except the TLB is not used to cache DRAM page trans-
lations in the RAMpage model). Note that only two SRAM levels
are shown here for simplicity, but — as with a conventional cache
hierarchy — more levels are possible in principle. As with a cache,
an important factor in sizing any SRAM level is balancing size and
speed (“small is fast”: not only are faster memories more expen-
sive [HP96], but they also tend to be lower in density [Han98], and
propagation delays become more of a problem as size increases, all
of which limits the size of faster memories).1The PowerPC 750 has a two-way set-associative L2 cache with 4K tags per way,
a total of 8K tags. To allow for the largest supported cache of1 Mbyte, we calculate
that there are 32K coherency tags – coherency is maintained on 32-byte blocks – each
3 bits (modifed, exclusive, invalid) for a total of 12 Kbytes. After selecting one of 4K
locations, 21 bits (out of 32) of the address identify the contents of a given byte, but
the 4 bits for the offset within a 128-byte line need not be stored, so each address tag
needs only to be 15 bits, for a total of 15 Kbytes, so the total needed to implement
on-chip L2 tags is 27 Kbytes. In addition to this, space is needed for controller logic.
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Figure 1: RAMpage versus a conventional L2 implementation.
The RAMpage SRAM main memory is addressed as a conventional
RAM, using a memory address register (MAR) and memory data
register (MDR), and does not use tags.

This section provides an overview of the major design features
of a RAMpage system: see 4.3–4.5 for more details of the simu-
lated systems.

2.2 SRAM Main Memory

The main memory in the RAMpage hierarchy occupies the same
position as the lowest-level cache in a conventional hierarchy: a
relatively large (as compared with the L1 cache) off-chip SRAM
memory. As with an off-chip cache, its size is constrained bythe
relatively high cost and low density of SRAM, so it is significantly
smaller than the DRAM level. Unlike a cache, it is byte-addressed,
using a conventional physical addressing mechanism. It canbe
physically addressed by the operating system, but access byuser
programs is through virtual addresses.

As with any other virtually-addressed hierarchy, user programs
are not aware of the different levels — though a user program can
of course be written with sensitivity to the underlying hierarchy
[CGM91, CGHM93].

The basic unit of allocation in the SRAM main memory is a
page. This paper leaves open the question of coherency and multi-
processor implementation; strategies from distributed shared mem-
ory could apply [BCZ90].

Page translation in RAMpage is done using an inverted page
table, a page table indexed on the physical instead of the virtual
address [HH93] for several reasons:� the SRAM main memory is relatively small, and an inverted

page table is relatively well-suited to small physical memo-
ries (since otherwise the page table would be very large in
relation to the physical memory)� the size of the table can be fixed, making it relatively easy to
pin the whole table in the SRAM main memory� with the whole of the SRAM main memory mapped by a
table which is pinned in the SRAM main memory, a TLB
miss need never reference DRAM or disk, until there is a
page fault from SRAM



An inverted page table is slower on lookup than a forward page
table, since a hash function is used to find a virtual address.How-
ever, it is useful to be able to guarantee that a reference that is found
in the SRAM main memory or L1 cache will never result in another
reference, resulting from a TLB miss, going to a lower level.Pro-
grammers attempting to minimze DRAM references will find this
property useful, as TLB miss behaviour can be a major complica-
tion when attempting to do memory hierarchy-sensitive application
structuring [CGHM93].

2.3 Role of the TLB

The TLB (translation lookaside buffer) in a conventional hierarchy,
particularly with a physically-indexed L1 cache, plays a vital role
in performance [NUS+93], as every address in user-level programs
has to be translated, including that of every instruction fetched.

In the RAMpage hierarchy, the TLB plays a slightly different
role. It is still needed to translate addresses in the event that the
L1 cache is physically indexed and tagged, but the address trans-
lations are to physical addresses in the SRAM main memory. The
TLB does not need to translate addresses to DRAM, as these trans-
lations are not on the critical path for a hit to L1 or the SRAM main
memory. A translation to a DRAM address is only needed when a
page fault from the SRAM main memory occurs.

Part of the RAMpage SRAM main memory is reserved for the
TLB miss handler. All TLB misses that are for references thathit
in SRAM can be serviced without going to DRAM. If a page is re-
placed from the SRAM main memory, it’s entry (if it has one) inthe
TLB is flushed. Being able to service TLB misses without having
to go to DRAM in most cases is potentially a big win, considering
that some studies have shown that TLB misses can account for a
large fraction of execution time [NUS+93, CGHM93].

As with a conventional hierarchy, it is possible in principle to
address the L1 cache virtually, in which case the TLB would only
be needed on a miss to the SRAM main memory. Similar prob-
lems to those found in virtually-addressed caches in a conventional
hierarchy [IKWS92, WB92] would apply. This possibility is not
explored in this paper.

2.4 DRAM Paging Device

The DRAM paging device is a conventional DRAM, which can be
implemented using the same range of design choices as a conven-
tional DRAM main memory. In the work reported on here, the
same inverted page table strategy is used as for the SRAM main
memory, for simplicity. The DRAM page table need not be imple-
mented the same way as the RAMpage SRAM main memory. For
example, in the results presented here, the DRAM page size isheld
constant, while the SRAM page size is varied.

In the work reported on here, the simulated DRAM is a Direct
Rambus, but without exploiting the option of pipelining multiple
references. This implementation has similar characteristics to an
SDRAM implementation, as is explained in 3.3.

3 The Problem and Related Work

3.1 Introduction

Since the mid-1980s, CPU speeds have been improving at 50 to
100% per year, while DRAM latency has only been improving at
7% per year [HP96], resulting in a doubling of the time in instruc-
tions to access DRAM every 6.2 years [BD94].

Caches have traditionally been used to bridge the CPU-DRAM
speed gap. However, the growing gap presents increasing chal-
lenges for cache designers. This section summarizes some im-
provements to the basic design of caches, as well as attemptsat

hiding the basic latency of DRAM by more sophisticated organi-
zation. To place the RAMpage strategy in context, other software-
based strategies are reviewed. To conclude the section, RAMpage
is described.

3.2 Improvements to Caches

A cache presents designers with a number of trade-offs between
reducing misses to the next level down, and both cost and speed of
hits. A simple direct-mapped cache is easy and relatively cheap to
design for fast hits. Adding associativity makes it more difficult to
achieve fast hits, while reducing the number of misses. In general,
as the penalty for a miss increases, adding complexity (and hence
cost) to the hardware to achieve fast hits with more associativity
becomes more worthwhile.

Another improvement which can reduce misses without adding
to the complexity of achieving fast hits is avictim cache, a small
additional cache which contains recently replaced blocks [Jou90].

Others have investigated alternatives to full associativity, in-
cluding column-associative caches [AP93], which allow an alter-
native location for a block without the overhead of associativity in
the best case for a hit. Another strategy is to use a direct-mapped
cache, but to try to reduce conflict misses by choice of placement
of virtual pages in physical memory [KH92b, BLRC94].

While a reduction in the number of misses appears to offer
the best potential for speed improvement especially as the CPU-
DRAM speed gap grows, hiding latency is also a common strat-
egy. Non-blocking prefetch instructions can reduce the probability
of a future miss [Kro81, CB92, MLG92, KK97, Che95], and non-
blocking misses [BK96, CB92] in a superscalar CPU allow other
instructions to complete while waiting for a miss. Speculative loads
are another variant on prefetch: they do not result in an interrupt if
there is a page fault or other problem (e.g. a null pointer), unless
the result of the load is actuall used [RL92, Dul98].

Some of these approaches can be applied to the RAMpage ar-
chitecture, others compete. The victim cache concept can beim-
plemented as an extension of the page replacement strategy,using
a conventionaloperating system approach: when a page is replaced,
it is moved to thestandby page list; the page which is on the list
longest is the one actually discarded [Cro97]). Prefetch could be
added to RAMpage, as could speculative loads.

Approaches to implementing associativity cheaply can be con-
sidered to be competing alternatives. However, conventional lim-
ited associativity implemented in hardware has up to now been ca-
pable of meeting design goals for speed and cost and is therefore the
standard against which RAMpage is judged in this paper. Taking a
context switch on a miss could be thought of as similar to a non-
blocking cache. However, a more directly comparable approach is
a multithreaded architecture [WW93, HKT93, LEL+97], a concept
which could in principle be implemented on top of RAMpage.

3.3 Improvements to DRAM

While the underlying trend in cycle time for DRAM remains un-
changed, it is possible to hide some of the latency by exploiting
typical reference patterns. For example, a cache miss – the most
common way of referencing DRAM from the CPU – references
multiple sequential bytes. Since it is easier to achieve high band-
width than low latency, both in general and specifically for DRAM
[HP96], DRAM designers have offered various modes which allow
multiple sequential accesses to be faster on average than a single
random access. These include fast page mode and EDO (extended
data out). More recent approaches include synchronous DRAM
(SDRAM) and Rambus [Cri97].

SDRAM clocks DRAM to the bus and after an initial delay (for
example 50ns), subsequent transfers can occur at bus speed (e.g.,



10ns) [IBM97]. With a wide 128-bit bus, a 10ns SDRAM mem-
ory system can in principle deliver 1.5Gbyte/s, excluding the initial
latency. Rambus aims to deliver similar latency more cheaply and
in smaller increments, in terms of the minimum RAM upgrade, by
using a narrow bus clocked at high speed. The original Rambus
design used a byte-wide bus whereas the proposed Direct Rambus
design for 1999 uses a 2-byte bus clocked at 1.25ns, giving the
same 1.5Gbyte/s as a 128-bit wide 10ns SDRAM design. It is also
possible to have multiple Rambus channels to increase bandwidth,
though latency is not improved [Cri97].

Direct Rambus goes further than other latency-hiding DRAM
designs (aside from memories in high-end supercomputers which
use expensive strategies, like hundreds or thousands of banks of
DRAM) [Fat90, SWL+92] in that it allows multiple independent
references to be pipelined, allowing a theoretical 95% of peak band-
width to be achieved on units as small as 2 bytes. Whether the
reference pattern of a typical workload will support this theoretical
peak is an issue still to be investigated.

The challenge to DRAM designers – as long as they are unable
to break out of the current learning curve which emphasizesdensity
over latency improvement – is to find creative strategies forhiding
latency. Alternatively, the challenge for system designers is to work
around the worsening CPU-DRAM speed gap.

3.4 Software-Based Approaches

Designers of both DRAM and systems have mostly focused efforts
on hardware-basedapproaches for the obvious reason of supporting
backward compatibility. While changes in cache architecture may
require some operating system changes, those changes can usually
be minimized since the cache is managed in hardware. The sameis
true of most variants on DRAM. As a result, while Rambus, for ex-
ample, presents relatively major changes at the level of thebus and
memory controller, it can be designed into a conventional system
without requiring operating system changes.

Software-based approaches on the other hand may require op-
erating system modification, which is clearly a harder sell.

In the 1980s, there was some work on software-based manage-
ment of caches, with emphasis on reduction of misses in a shared-
memory system [CSB86, CGBG88]. More recently, work on man-
aging the interface between cache and DRAM in software has fo-
cused on address translation [JM97].

In neither case has the major focus been on achieving a higher
degree of associativity than is common in caches; the space created
by high miss costs has been exploited for other reasons. Also, the
possibility of increasing block size to allow room in a miss for do-
ing other useful work has not previously been explored. Finally,
other related work has not gone as far as treating the lowest level
of cache as a fully software-managed paged memory (in effect, an
SRAM main memory).

3.5 The RAMpage Strategy in Context

The RAMpage approach recognizes that software management of
misses imposes a penalty, and attempts to go as far as possible in
eliminating misses to justify the extra penalty. While there are ma-
jor differences between DRAM and disk, some principles applica-
ble to handling page faults start to become applicable when miss
costs increase to hundreds of missed instructions. While the com-
parison with disk should not be taken too far, given the cleardiffer-
ences, the following issues are similar:� a disk’s peak transfer rate is significantly higher than the the

rate for a small transfer because of its high latency; DRAM
shares this property if with significantly different numbers

� the amount of time lost by a miss is large enough to create
space for doing useful work if other processes are available

To quantify these points, Table 1 contains efficiency measures
for a disk and for two variants on Direct Rambus, to show that,
while the comparison cannot be taken too far, RAM does share
disk’s property of being more efficient at transferring large units.
To give a specific example, with a 1GHz issue rate, a 4Kbyte disk
transfer costs about 10-million instructions, whereas a 4Kbyte Di-
rect Rambus transfer costs about 2,600 instructions.

(% efficiency)
Bytes 1 Channel 4 Channels disk

Transferred 16 bits 64 bits
16 16.7 4.8 0.0038
32 28.6 9.1 0.0076
64 44.4 16.7 0.015
128 61.5 28.6 0.031
256 76.2 44.4 0.061
512 86.9 61.5 0.12
1024 92.8 76.2 0.24
2048 96.2 86.5 0.49
4096 98.1 92.8 0.97

Table 1: Efficiency (% bandwidth utilized) of 2-byte-wide Di-
rect Rambus, compared with disk with 10ms latency and 40MB/s
transfer rate, assuming no pipelining of Rambus references. Mea-
sured as the percentage of available bandwidth actually used for
each case of number of bytes transferrred.

In summary, the characteristics of DRAM, although very dif-
ferent from disk, offer enough similarities to make it reasonable to
investigate the option of managing DRAM as a paging device. The
differences suggest that different compromises may be called for,
but trends in DRAM performance suggest that the opportunities for
a change towards treating DRAM as a paging device are improving.

4 Simulated Systems

4.1 Introduction

This section describes and justifies the parameters of the simulated
systems.

The approach used is to measure RAMpage against a baseline
system with a simple direct-mapped cache, to compare it against a
system of similar hardware complexity. The only major hardware
difference (in terms of added components) is that the baseline sys-
tem has tags and associated logic.

Once a baseline comparison is established, a more realisticset
of measurements is presented, in which context switches aremore
accurately modeled, and a 2-way associative L2 cache is simulated
for comparison with RAMpage. In this way, it can be seen how
RAMpage’s software-based approach for achieving full associativ-
ity compares against a more traditional hardware-based approach
to achieving more limited associativity.

The remainder of this section starts by describing benchmark
data used to drive the simulations, then itemizes configurations of
the various simulated systems.

4.2 Benchmarks

Measurements were done with taces containing a total of 1.1-billion
references, which were obtained from the Tracebase trace archive
at New Mexico State University2. Table 2 lists the traces.2The traces used in this paper can be found atftp://tracebase.nmsu.edu/
pub/.tb1/r2000/utilities/ andftp://tracebase.nmsu.edu/pub/
.tb1/r2000/SPEC92/ .



Program Description Instr. Total
fetches refs

alvinn neural net training (fp92) 59.0 72.8
awk unix text utility 62.8 86.4
cexp from SPECint92 28.5 37.5
compress file compression (int92) 8.0 10.5
ear human ear simulator (fp92) 65.0 80.4
gcc C compiler (int92) 78.8 100.0
hydro2d physics computation (fp92) 8.2 11.0
mdljdp2 solves motion eqns (fp92) 65.0 84.2
mdljsp2 solves motion eqns (fp92) 65.0 77.0
nasa7 NASA applications (fp92) 65.0 99.7
ora ray tracing (fp92) 65.0 82.9
sed unix text utility 7.7 9.8
su2cor physics computation (fp92) 65.0 88.8
swm256 physics computation (fp92) 65.0 87.4
tex unix text utility 50.3 66.8
uncompress file decompression (int92) 5.7 7.5
wave5 solves particle equations 65.0 78.3
yacc unix text utility 9.7 12.1

Table 2: Address traces used in the simulations.Millions of in-
struction fetches and references (“fp92” or “int92” means from
SPEC92).

The traces were interleaved, switching to a different traceev-
ery 500,000 references, to simulate a multiprogramming workload.
Although each individual trace is not very long, the overalleffect of
the combined traces’ 1.1-billion-references appears to besufficient
to warm up the memory hierarchy. For 128-byte SRAM pages, it
takes about 50-million references before every page in the RAM-
page SRAM main memory is occupied; this figure drops off with
page size to about 25-million references before all pages inthe 4
Kbyte pagesize simulation have been occupied at least once.Work
is currently in progress on implementing a trace engine using Sim-
plescalar [BA97], which will make it possible to use a substantial
portion of Spec95 to experiment with longer traces.

4.3 Common Features

Both systems are configured as follows:� CPU – single cycle non-superscalar, pipeline not modeled� L1 cache – 16Kbytes each of data and instruction cache,
physically tagged and indexed, direct-mapped, 32-byte block
size, 1-cycle read hit time, 12-cycle penalty for misses to L2
(or SRAM main memory in the RAMpage case); for the data
cache: perfect write buffering with zero (effective) hit time,
writeback (12-cycle penalty; 9 cycles for RAMpage since
there is no L2 tag to update), write allocate on miss� TLB – 64 entries, fully associative, random replacement, 1-
cycle hit time, misses modeled by interleaving a trace of page
lookup software� DRAM level – Direct Rambus without pipelining: 50ns be-
fore first reference started, thereafter 2 bytes every 1.25ns� paging of DRAM – inverted page table: same organization as
RAMpage main memory (see 2.2) for simplicity, but infinite
DRAM modeled with no misses to disk� TLB and L1 data hits are fully pipelined, i.e., they do not
add to the execution time; where there are no misses, only
instruction fetches add to simulated run time – the given hit
times are however used when replacements or maintaining
inclusion are simulated

Note that detail of the L1 cache is similar across all variations.
A superscalar CPU is not explicitly modeled. The CPU cycle

time used is intended to approximate to the effect of a superscalar
design, i.e., it is really meant to model the instruction issue rate
rather than the actual CPU cycle time. Issue rates of 200MHz to
4GHz are simulated to model the growing CPU-DRAM speed gap
(cache and SRAM main memory speed are scaled up but DRAM
speed is not).

4.4 Baseline System Features

The baseline system has a direct-mapped 4Mbyte L2 cache, a size
likely to become increasingly common. A direct-mapped cache is
used in this case to keep the hardware as similar as possible to the
RAMpage hardware, since a fast hit time is hard to achieve on an
associative cache unless the tags and logic are on-chip.

Block (line) size is varied in experiments from 128 bytes to
4Kbytes.

The bus connecting the L2 cache to the CPU is 128 bits wide
and runs at one third of the CPU clock rate (i.e., 3 times the cy-
cle time), reflecting the fact that the modeled CPU cycle timeis
intended to represent a superscalar issue rate. The L2 cacheis
clocked at the speed of the bus to the CPU. Hits on the L2 cache
take 4 cycles including the tag check and transfer to L1.

Inclusion between L1 and L2 is maintained [HP96], so L1 is
always a subset of L2, except that some blocks in L1 may be dirty
with respect to L2 (writebacks occur on replacement).

The TLB caches translations from virtual addresses to DRAM
physical addresses.

4.5 RAMpage System Features

To compare like with like, the simulated RAMpage SRAM main
memory is 128 Kbytes larger (since it does not need tags), fora total
of 4.125Mbytes. The extra amount is scaled down for larger page
sizes, since the number of tags in the comparable cache also scales
down with block size. In our simulations, the operating system uses
6 pages of the SRAM main memory when simulating a 4 Kbyte-
SRAM page, i.e., 24 Kbytes, up to 5336 pages for a 128 byte block
size, a total of 667 Kbytes. These numbers cannot be compared
directly with the conventional hierarchy as they not only replace
the L2 tags, but also some operating system instructions or data
(including page tables) which may have found their way into the
L2 cache, in the conventional hierarchy.

The RAMpage SRAM main memory uses an inverted page ta-
ble, as is explained in 2.2.

Replacements use a standard clock algorithm [Cro97]: a clock
hand advances through the page table, marking each page thathas
previously been marked as “in use” as “unused”, until an “unused”
page is found. This “unused” page becomes the victim and is re-
placed.

The TLB in the RAMpage hierarchy caches address transla-
tions of SRAM main memory addresses and not DRAM physical
addresses. Otherwise, the major difference from the baseline hi-
erarchy is that a TLB miss never results in a reference below the
SRAM main memory, unless the reference itself results in a page
fault from the SRAM main memory, as is explained in 2.3.

4.6 Context Switches

Measurement is done by adding a trace of simulated context switch
code to the baseline system (approximately 400 references per con-
text switch). In the RAMpage system, context switches are also
taken on misses to DRAM, and the speed difference measured. In
the RAMpage model, the context switching code and data struc-
tures are pinned in the RAMpage SRAM main memory, so that



switches on misses do not result in further misses by the operating
system code or data.

Code traced to simulate context switches is based on a standard
textbook algorithm.

4.7 More Realistic Implementation

In addition to the baseline cache, results are presented using a 2-
way set associative L2 cache using a random replacement policy,
which otherwise has the same parameters as the baseline system.
The intention here is to show the benefits of hardware-implemented
associativity.

The trade-off being examined here is between the extra hard-
ware needed to implement 2-way associativity (on-chip logic and
tags) versus the software complexity of the RAMpage model (re-
sulting in fewer misses but a higher miss penalty).

5 Results

5.1 Introduction

The major data presented is simulated run times, though memory
system measurements are also presented. Results are presented fol-
lowing the breakdown of the previous section. The baseline sys-
tem and RAMpage are presented first, followed by data illustrating
where hardware and software can be traded, in alternative strategies
for arriving at a more efficient memory hierarchy. Then, measure-
ment of context switches on misses for RAMpage is presented,and
finally, a more realistic L2 cache implementation is compared with
RAMpage.

In conclusion, major points of the results are summarized, in
preparation for the discussion contained in the Conclusion.

5.2 RAMpage vs. Baseline

Simulated run times appear in Table 3.

instruction SRAM block/page size (bytes)
issue rate 128 256 512 1024 2048 4096
200MHz 6.38 6.39 6.48 6.71 7.56 9.42

8.48 7.11 6.41 5.99 6.03 6.09
500MHz 2.66 2.67 2.75 2.94 3.62 5.14

3.46 2.88 2.61 2.44 2.45 2.49
1GHz 1.43 1.44 1.52 1.69 2.32 3.73

1.80 1.49 1.35 1.26 1.27 1.29
2GHz 0.80 0.82 0.89 1.06 1.65 3.01

0.95 0.78 0.70 0.66 0.67 0.68
4GHz 0.50 0.51 0.59 0.75 1.33 1.59

0.53 0.44 0.39 0.37 0.37 0.39

Table 3: Elapsed simulated time (s) for 1.1 billion-reference com-
bined traces.Each row contains cache-based hierarchy at the top,
and RAMpage hierarchy below.

Since the baseline cache hierarchy is not realistic, there is a
limit as to how much can be read into these figures. It is worth
noting however that the RAMpage hierarchy performs better with
larger page sizes in SRAM in part because of extra TLB and page
fault handling overheads from small pages. Also note that the
improvement resulting from fewer misses becomes greater asthe
CPU-DRAM speed gap increases, as would be expected. For a
200MHz issue rate, the best run time for RAMpage of 5.99s (page
size 1Kbytes) is 6% faster than the best baseline run time of 6.38s
(128-byte block). For a 4GHz issue rate, the best run times are
achieved with the same page and block sizes as for 200MHz, but
the best RAMpage time is 26% faster than the baseline hierarchy.

5.3 RAMpage Hardware-Software Trade-Offs

The use of software-based memory management results in a signif-
icantly lower fraction of execution time being spent in the DRAM
level of the hierarchy, as can be seen in Figures 2 and 3, which
illustrate the time spent in each level of the hierarchy, as afrac-
tion of overall run time. The differences between the two figures
illustrate the effect of scaling CPU speed up without improving
DRAM speed: the RAMpage system is more tolerant of the in-
creased DRAM latency.
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Figure 2: Fraction of simulated run time in each level of the hier-
archy. 200MHz issue rate. Measured as a fraction of overall run
time. Note that L1 data traffic is a very low fraction because hits
are assumed to be fully pipelined; the “L1d” time accounted for is
purely that taken to maintain inclusion. “L1i” time includes hits
(instruction fetches) and time to maintain inclusion.

Figure 4 plots the overheads incurred by memory management
software in each hierarchy, which is as high as 60% of the num-
ber of references in the benchmark trace files for small RAMpage
SRAM page sizes, reflecting the relatively small 64-entry TLB used
in these simulations.

The penalties incurred in the RAMpage model in reducing the
time spent going to DRAM are in the higher number of TLB refer-
ences for small page sizes, and in execution of a higher number of
instructions, needed to manage misses from SRAM. Measurement
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Figure 3: Fraction of simulated run time in each level of the hier-
archy. 4GHz issue rate. See Figure 2 for a detailed explanation.

of a competing solution, using more hardware, is presented after
the following improvement to RAMpage.

5.4 RAMpage Context Switches on Misses

Performance of the baseline system is not significantly impacted
when context switching costs are added: the major cost of context
switching, extra misses caused by a working set change, is already
accounted for in measurements in the previous subsection. For this
reason, revised figures on the baseline system are not presented
here.

Table 4 summarizes measurements of run times for the RAM-
page architecture with context switches on misses. The mostim-
portant result to note here, aside from a modest speed improvement
(up to 16% in the 4GHz case over the best RAMpage time without
context switches on misses), is that as the CPU speed increases,
larger page sizes become more viable. It is also worth notingthat
the value of taking a context switch on a miss increases as CPU
speed increases.

5.5 RAMpage with Context Switches vs. Better L2

Results presented here, in Table 5, are for a 2-way associative L2
with the same parameters otherwise as the baseline system. The

0 10 20 30 40 50 60 70

baseline

page 128B 

page 256B 

page 512B 

page 1024B

page 2048B

page 4096B

Overhead (%)

Figure 4: TLB miss and page fault handling overheads.Overhead
is the ratio of additional TLB miss and page fault handling refer-
ences to the total number of references in the benchmark trace files.
The baseline hierarchy data is the same across all block sizes.

instruction SRAM page size (bytes) vs.no
issue rate 128 256 512 1024 2048 4096 switch
200MHz 9.92 7.67 6.72 6.16 6.05 6.11 0.99
500MHz 3.96 3.08 2.68 2.56 2.52 2.43 1.00
1GHz 1.93 1.54 1.39 1.26 1.23 1.25 1.02
2GHz 0.99 0.75 0.67 0.63 0.62 0.62 1.06
4GHz 0.47 0.38 0.33 0.33 0.31 0.31 1.16

Table 4: Run times (s) for RAMpage with context switches on
misses.The “vs. no switch” numbers are speedup over RAMpage
without context switches.

measurements here do include a trace of the execution of context
switching code, though as indicated before, the differencemade by
adding a trace of context switching code and data is insignificant
(under 1%).

instruction L2 block size (bytes)
issue rate 128 256 512 1024 2048 4096
200MHz 6.27 6.20 6.20 6.17 6.16 6.17
500MHz 2.57 2.52 2.52 2.49 2.48 2.47
1GHz 1.35 1.29 1.29 1.27 1.25 1.25
2GHz 0.73 0.67 0.67 0.65 0.63 0.62
4GHz 0.43 0.37 0.37 0.35 0.33 0.32

Table 5: Run times (s) for a 2-way associative L2 cache with con-
text switches.A context switch trace is inserted between switches
from one benchmark to another; context switches are not taken on
misses.

Of interest is the closeness of the RAMpage and 2-way asso-
ciative times. Figure 5 shows the differences between the two as
a relative speed measure. Note the extent to which larger block
sizes become favourable for the 2-way associative hierarchy as the
CPU-DRAM speed gap grows. It is possible that this is an artifact
of the context switch interval used in simulations; in a realsystem
it would be based on a real-time clock rather than a fixed number
of references and would therefore correspond to a higher number
of references as the CPU was sped up. A short time slice favours
larger blocks because larger blocks support spatial locality at the
expense of temporal locality. If the time slice is made shortenough,



temporal locality becomes less important than spatial locality.
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Figure 5: RAMpage (context switches on misses) speedvs.2-way
associative L2 cache for a range of CPU speeds.The relative mea-
sure isn, wheren means 1.n times slower than the best time for
each CPU speed.

5.6 Summary of Results

The baseline system is clearly slower than RAMpage except inthe
cases of smaller page sizes, where TLB overheads outweigh RAM-
page’s advantages. RAMpage’s best-case performance is signifi-
cantly better than the baseline, especially as CPU speed improves.
Adding in context switches on misses increases RAMpage’s advan-
tage over the baseline system, and makes larger page sizes attrac-
tive (at least as measured here). As the CPU-DRAM speed gap
grows, the results show that context switches on misses become a
bigger win, as is to be expected.

The more realistic L2 implementation narrows the gap, and has
very similar performance characteristics to RAMpage for larger
block sizes. For smaller block sizes, RAMpage again does notper-
form well, because of TLB overhead.

Overall, RAMpage is competitive with a simple 2-way associa-
tive L2 implementation as measured here. The reduction in misses
in RAMpage is sufficient to compensate for the extra softwareover-
head (as measured in Figure 4).

6 Conclusions

6.1 Introduction

This section discusses the significance of the results, as well as
future work. The focus in future work is in filling gaps in the data
presented here, as well as in further exploring the design space. To
conclude, the paper ends with a final summary.

6.2 Discussion of Results

The data presents here makes a case for RAMpage as an alter-
native to hardware strategies for achieving associativity. Perfor-
mance is shown to be essentially the same as for a 2-way asso-
ciative L2 cache implemented in hardware. Context switcheson
misses are shown to be viable at least for page sizes larger than tra-
ditional cache block sizes, particularly as the CPU-DRAM speed
gap grows. The possibility that such relatively large transfer units

could be optimal even for a conventional cache also comes outof
the data presented here, though this result could be an artifact of
the context switch interval used.

If it can be shown in future work that the optimal block size de-
pends on factors like the context switch interval, RAMpage offers
another potential win: the ability to change block size dynamically.
The only hardware support needed for this is a TLB capable of
maanging variable page sizes (already an option on some architec-
tures such as MIPS [KH92a]).

6.3 Future Work

There are several issues coming out of the results reported on here
which need to be investigated further:� interaction with operating system – issues like the impact of

the time slice on optimal block or SRAM page size should
be investigated further� multithreading – it would be interesting to combine RAM-
page with a hardware or software implementation of threads:
a cheaper mechanism for context switching than that mea-
sured here would make better use of the relatively small miss
cost of a page fault to DRAM� more sophisticated CPU simulation – it would be worth sim-
ulating a superscalar CPU to investigate the impact of super-
scalar execution� more sophisticated Direct Rambus simulation – the effect of
pipelined memory references would be worth investigating,
particularly to see if smaller block or page sizes become vi-
able in this case� variation of TLB size – a larger TLB would likely make
RAMpage more competitive, with smaller SRAM page sizes� more aggressive L1 cache – a more realistic L1 cache would
make differences between L2 or SRAM main memory im-
plementations clearer, as a higher fraction of execution time
would result from misses to DRAM, if a lower fraction of
references miss from L1� coherence – for both interactions with I/O and for multipro-
cessor implementations

A start has been made on doing measurement with a much
larger TLB (1K entries, 2-way associative) and more aggressive L1
caches (64 Kbytes each of instruction and data cache, 8-way asso-
ciative). These figures are representative of designs anticipated in
1998 from Digital and IBM, for example. Results are incomplete,
but indications are that with this improved hierarchy, RAMpage
does become competitive under a wider range of conditions (for
example, faster than a 2-way associative L2 cache with a 128-byte
SRAM page).

Other work in progress includes more detailed evaluation of
differences in individual application behaviour, to explore the value
of a variable SRAM page size; initial results show that variation can
make a difference in individual programs but that a single page size
may be optimal for most programs under given assumptions about
the memory system.

6.4 Final Summary

The RAMpage hierarchy provides designers with an alternative in
choosing between relative complexity of hardware as opposed to
software. A RAMpage memory system frees up chip space which
would otherwise have been needed for L2 tags, and fast hits are rel-
atively easy to implement. While SRAM size is constrained bycost



and the relatively low density of SRAM as compared with DRAM,
RAMpage allows the system designer to choose a size for SRAM
based on cost constraints without the additional constraint of a fixed
upper limit on the number of L2 caches tags supported on the CPU
chip.

The potential for dynamic tuning of a RAMpage hierarchy –
choosing the SRAM page size on the fly, choosing whether to take
context switches on misses and varying the complexity of there-
placement strategy – adds additional flexibility which would be
hard to achieve with a purely hardware strategy.

Another useful property of the RAMpage model which helps
to offset the performance loss of doing more in software is that it
becomes possible to pin critical operating system code and data in
the lowest SRAM level.

The results presented here make a case for taking the RAMpage
concept further. Once a more complete simulation is implemented,
ideally including full operating system execution (an ideashown
to be feasible for example by SimOS [RHWG95]), it will become
clearer whether the idea can be practically deployed. However,
given the growing complexity of hardware strategies for working
around the underlying latency of DRAM technology, it is worth in-
vestigating software alternatives, if such alternatives can result in
simplification of the hardware.
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