Re ections on the Memory Wall®

Sally A. McKee
Computer Systems Laboratory
Cornell University
Ithaca, New York

sam@ocsl.cornell.edu

ABSTRACT

This paper looks at the ewvolution of the \Memory Wall"
problem over the past decade. It begins by reviewing the
short Computer Architecture News note that coined the
phrase, including the motivation behind the note, the con-
text in which it waswritten, and the controversy it sparked.
What has changed over the years? Are we hitting the Mem-
ory Wall? And if so, for what typesof applications?
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1. INTRODUCTION

The year is 1991. Researders at NASA Ames Researh
Center and at the University of Virginia's Institute for Par-
allel Computation (also supported by NASA) are trying to
understand the performance of sciertic computations on
Intel's iPSC/860 hypercube, the state of the art in message-
passing multicomputer. Lee [6] at NASA and Moyer [14] at
UVa nd that performance of even highly optimized, hand-
coded scierti ¢ kernels can be up to orders of magnitude
below peak. The reason: an imbalance between memory
bandwidth and processorspeed in the iPSC/860 node ar-
chitecture.

®This work is basedon an earlier work: Hitting the Memory
Wall: Implications of the Obvious, in ACM SIGARCH Com-
puter Architecture News, 23, ISSN:0163-5964, March 1995
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Two years pass. Lee has developed the NAS860 library of
routines modeled after Cray instructions [7] and Moyer has
developed compiler algorithms to statically reorder memory
accesseqd15]; both use nonintuitiv e optimizations to make
better use of the node memory system.

Processorspeeds keep rising dramatically | at approx-
imately 75% per year. Issue widths rise. DRAM speeds
increaseat a steady, paltry 7% per year. Given the technol-
ogy trends, the results of Moyer's researd, and the challenge
of designing a memory system for a novel architecture called
WM [21] (whose ISA included instructions to stream data
to and from memory), | begin working with my advisor, Bill
Wulf, to investigate the design of high-p erformance memory
controllers to help software take better advantage of lower-
level memory system resources.

The mainstream computer architecture community is still
largely focusedon increasing processorperformance. Wide-
issuearchitectures, latency-tolerance techniques such aspre-
fetching and nonblocking caches, and the promise of the an-
nounced Rambus [4] memory interface technology convince
most computer architects that solving our memory problems
largely amounts to building larger caches and more latency
tolerance into our chips. When | talk to colleaguesabout
my work, they tend to dismiss it as unimp ortant.

In responseto this, Wulf suggeststhat we write a short
note that will compel people to think about the memory
problem in a di®erert light. The note would be submitted
to Computer Architecture News, given its wide readership.
| am dubious, but | produce the data, Wulf writes most of
the text, and we sendthe article out. Wulf assuresme \Just
wait. This will bereferencedalot." I, the graduate student,
am still dubious.

Wulf was right.

2. THE NOTE

Given the brevity of the original note [20], the time that
has passedsince its publication, and the fact that (though
apparently widely read by Computer Architecture Newssub-
scribers) many may not have seenit, | quote it here (with
minor modi cations and annotations for readability) for the
reader's convenience.



Hitting the Memory Wall: Implications of the
Obvious
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This brief note points out somethingobvious| something

the authors \knew" without really understanding. With apolo-
giesto those who did understand, we o®er it to those others
who, like us, missed the point.

We all know that the rate of improvementin microproces-
sor speed exceeds the rate of improvementin DRAM mem-
ory speed | each is improving exponentially, but the expo-
nent for microprocessorsis substantially larger than that for
DRAMs. The di®erence between diverging expnentials also
grows exponentially; so, although the disparity between pro-
cessor and memory speed is already an issue, downstream
someplae it will be a much bigger one. How big and how
soon? The answersto these questions are what the authors
had failed to appreciate.

To geta handle on the answers, consider an old friend |
the equation for the average time to access memory, where
tc and ty, are the cache and DRAM accesstimes and p is
the probability of a cache hit:

tavg = PEtc+ (1j P) £ tm

We want to look at how the average accesstime changes
with technology, so we'll make some conservative assump-
tions; asyou'll see, the speci ¢ valueswont changethe basic
conclusion of this note, namely that we are going to hit a wall
in the improvement of system performance unless something
basic changes.

First let's assumethat the cache speed matches that of
the processor, and speci c ally that it scales with the pro-
cessor speed. This is certainly true for on-chip cache, and
allows us to easily normalize all our results in terms of in-
struction cycle times (essentially saying tc = 1 CPU cycle).
Second, assumethat the cacheis perfect. That is, the cache
never has a con®ict or capacity miss; the only misses are
the compulsory ones. Thus (1 p) is just the probability
of accessinga location that has never been referenced before
(one can quibble and adjust this for line size, but this wont
a®ect the conclusion, so we worit make the argument more
complicated than necessary).

Now, although (1 p) is small, it isn't zero. Therefore
astc and t, diverge, tayg will grow and system performance
will degrade. In fact, it will hit a wall.

In most programs, 20-40% of the instructions reference
memory [5]. For the sake of argument let's take the lower
number, 20%. That means that, on average, during execu-
tion every fth instruction references memory. We will hit
the wall when ta ¢ exaeds ve instruction times. At that
point system performance is totally determined by memory
speed; making the processor faster worit a®ect the wall-clock
time to complete an application. Alas, there is no easy way
out of this. We have already assumel a perfect cache, so a
bigger/smarter one worit help. We'r e already using the full
bandwidth of the memory, so prefetching or other related
schemeswon't help either. We can consider other things
that might be done, but rst let's speculate on when we might
hit the wall.

Assume the compulsory miss rate is 1% or less[5] and
that the next level of the memory hierarchy is currently four
times slower than cache. If we assumethat DRAM speeds
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Figure 1: Trends for a Cache Miss/Hit Ratio of 4
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Figure 2: Trends for a Cache Miss/Hit Ratio of 4
(in 1994) and Lower Hit Rates

increase by 7% per year [5] and use Baskett's estimate that
microprocessor performance is increasing at the rate of 80%
per year [2], the averagenumber of cyclesper memory access
will be 1.52 in 2000, 8.25 in 2005, and 98.8 in 2010. Under
these assumptions, the wall is lessthan a decade away.

Figures 1-Figure 3 explore various possibilities, showing
projected trends for a set of perfect or near-perfect caches.
All our graphs assumethat DRAM performance continues
to increase at an annual rate of 7%. The horizontal axis
is various cpu/DRAM performance ratios, and the lines at
the top indicate the dates these ratios occur if microproces-
sor performance (1) increasesat rates of 50% and 100% re-
spectively. Figure 1 and Figure 2 assumethat cache misses
are currently four times slower than hits; Figure 1 considers
compulsory cache miss rates of lessthan 1% while Figure 2
shows the same trends for cacheswith more realistic miss
rates of 2-10%. Figure 3 is a counterpart of Figure 1, but
assumesthat the current cost of a cache miss is 16 times
that of a hit.

Figure 4 provides a closer look at the expected impact on
average memory accesstime for one particular value of 1,
Baskett's estimated 80%. Even if we assumea cache hit rate
of 99.8% and use the more conservative cache miss cost of
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Figure 3: Trends for a Cache Miss/Hit Ratio of 16

(in 1994) and High Hit Rates
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four cycles as our starting point, performance hits the "ve-
cycles-per-accesswall in 11-12 years. At a hit rate of 99and
at 90%, within "ve years.

Note that changing the starting point | the \curr ent"
miss/hit costratio | and the cachemiss ratesdoesn't change
the trends: if the microprocessor/memory performance gap
continues to grow at a similar rate, in 10-15 years each
memory accesswill cost, on average, tens or even hundreds
of processor cycles. Under each scenario, system speed is
dominated by memory performance.

Over the past thirty years there have been seveil predic-
tions of the eminent cessation of the rate of improvement
in computer performance. Every such prediction was wrong.
They were wrong because they hinged on unstated assump-
tions that were overturned by subsejuent events. So, for ex-
ample, the failur e to foreses the move from discrete compo-
nents to integrated circuits led to a prediction that the speed
of light would limit computer speeds to severl orders of mag-
nitude slower than they are now.

Our prediction of the memory wall is probably wrong too
| but it suggeststhat we haveto start thinking \out of the
box". All the techniques that the authors are aware of, in-
cluding ones we have proposed [11, 12], provide one-time
boosts to either bandwidth or latency. While these delay the
date of impact, they dont changethe fundamentals.

The most \convenient" resolution to the problem would
be the discovery of a cool, dense memory technology whose

speed sales with that of processors. We are not aware of
any such technology and could not a®et its developmentin
any case; the only contribution we can make is to look for
architectural solutions. These are prohably all bogus, but the
discussion must start somewhee:

2 Can we drive the number of compulsory misses to
zero? If we cant X tm, then the only way to make
cacheswork is to drive p to 100% |which means elim-
inating the compulsory misses. If all data were initial-
ized dynamically, for example, possibly the compiler
could genemte special \'rst write" instructions. It is
harder for us to imagine how to drive the compulsory
missesfor code to zero.

2 |s it time to forgo the model that accesstime is uni-
form to all parts of the address space? It is false for
DSM and other scalable multipr ocessor schemes, so
why not for single processors as well? If we do this,
can the compiler explicity manage a smaller amount
of higher speed memory?

2 Are there any new ideas for how to trade computa-
tion for storage? Alternatively, can we trade space for
speed? DRAM keeps giving us plenty of the former.

2 Ancient machines like the IBM 650 and Burr oughs
205 usa magnetic drum as primary memory and had
clever schemesfor reducing rotational latency to es-
sentially zero | can we borrow a page from either of
those books?

As noted alove, the right solution to the problem of the
memory wall is probably something that we haverit thought
of | but we would like to see the discussion engaga. It
would appear that we do not have a great deal of time.

3. THE WRITING ON THE WALL

We were certainly not the rst peopleto recognizean im-
pending problem. A 1989 Digital Equipment Corporation
Western Researd Lab Report and subsequen Usenix Sum-
mer Conference publication by John Ousterhout examine
the performance of a set of OS microbenchmarks, and dis-
cussthe hardware and software rami cations of the results.
Ousterhout concludesthat \The rst hardware related issue
is memory bandwidth: ::: it is not keeping up with CPU
speed. ::: If memory bandwidth doesnot improve dramati-
cally in future machines, someclassesof applications may be
limited by memory performance." [16] This article reached
the OS community, but apparently few membersof the Com-
puter Architecture community.

When we published our note, it did indeed incite peopleto
think about the problem. Many people were eagerto argue
with me about why we werewrong (even though we had said
\w e're probably wrong" in the text of the note). One person
even argued with me on the public transportation systemin
Stockholm, Sweden. Obviously, we struck a nerve.

Many responsesappear in the comp.arch newsgroup; they
are well thought out, and consider the argument in much
greater depth than we had (intentionally) addressedit in our
note. For instance, our increasesin \pro cessorperformance”
did not distinguish betweenarchitectural improvemerts and
fabrication processimprovemers. A recert seard of the
ACM Digital Library yields a set of 59 referencesto papers



containing the phrase \memory wall". Seweral of these are
also notes that appeared in Computer Architecture News.
For instance, Wilk esarguesthat we will meet the \w all" of
CMOS processlimitations before we hit a memory wall [19].

In 1995, McCalpin de nes \machine balance", and states
that \steps needto be taken soon to increasememory band-
width more rapidly. ::: merely increasing bus width and
decreasinglatency will not be adequate.” [8] Another 1996
article by Burger, Goodman, and KAgi shows that current
caches are thousands of times larger than necessaryfor op-
timal cache, and are lessthan 20% e+cient | most data in
L2 cachesis dead at any given time. [3]

In a1996position pieceertitled \It's The Memory, Stupid!"
Richard Sites states that \across the industry, today's chips
are largely able to execute code faster than we can feed
them with instructions and data. ::: The real design ac-
tion is in the memory subsystems| cacdes, buses, band-
width and latency." [18]. In an article published the same
year at the SecondUSENIX Symposium on Operating Sys-
tem Design and Implementation, Perl and Sites conclude
that \pro cessorbandwidth canbea rst-order bottleneck to
achieving good performance. This is particularly apparent
when studying commercial benchmarks. Operating system
code and data structures contribute disproportionately to
the memory accessload.” [17]

In 2000, 2001, and 2002, workshops held at the Interna-
tional Symposium on Computer Architecture address\Ov er-
coming the Memory Wall" and \Memory Performance Is-
sues".

4. SOME TRENDS

One of the best documented indicators of memory perfor-
mance has beenMcCalpin's STREAM benchmark suite [9].
The STREAM bendmark measuresbandwidth sustainable
by ordinary user programs, and not the theoretical \p eak
bandwidth" that vendorsadvertise. The benchmark became
the de facto standard, and vendorsbeganto pay attention to
it. Most have worked hard to provide a reasonableamount
of memory bandwidth, but at an ever-increasinglatency. See
the oxcial STREAM webpage(www.cs.virginia.edu/stream)
for the latest numbers for unipro cessorand shared memory
machines; the following gures come from that page. Fig-
ures 5-Figure 7 shov CPU speedsversusbandwidth trends,
and MFLOPS over time. The rst of these, Figure 5, il-
lustrates general machine imbalance trends. MFLOPS have
beenincreasing at a greater rate than bandwidth: most ma-
chines have beenincreasing MFLOPS by about 50% per year
(and the highest performing machine at only 18% per year),
whereasbandwidth hasgenerally beincreasing at about 35%
per year (and the highest performing machine at only 15%).
Alan Charlesworth of Sun Microsystems produced a graph
of historical bandwidth trends, shown in Figure 8.

Unfortunately , we have not tracked latency numbers as
closely as bandwidth numbers. Statistics [10] indicate that
for the IBM RS/6000 line basedon the POWER family, the
extremes of Imbench [13] latency were 11 processorcycles
(22 FLOPS) in 1990 (20 MHz RS/6000-320 based on the
original POWER implementation) and 425 processorcycles
(1700 FLOPS) in 2003 (1700 MHz pSeries655 basedon the
POWERA4+ processor). That is 85£ in frequency, or about
40£ in raw latency, and about 80£ in \equivalent FLOPS",
in a 13-year interval. The quad-CPU p655+ costs about
twice asmuch per processorasthe RS/6000-320did in 1990.
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5. WHERE IS THE WALL?

Many typesof applications have not yet obserned a mem-
ory wall problem. For instance, multimedia applications
(especially for platforms with ISA extensions) have tended
to improve in performance with improvemerts in processor
speeds. On the other hand, commercial applications such as
transaction processingworkloads see 65% node idle times,
and high-performance scierti ¢ computations see95% node
idle times: much of this is due to memory bottlenecks.

Anderson et al.'s data from Supercomputing 1999[1], shown
in Figure 9, drive home the problem: aspeak MFLOPS rise
from oneplatform to another, STREAM performancedrops,
and so does observed MFLOPS.

Are we hitting the memory wall? Yes, for many types of
applications, but certainly not for all types. Can we avoid
or postpone hitting the wall for the other types? Can we al-
leviate the problem for those applications that have already
hit the wall? Probably. How? That is an open question.
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