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Abstract 

 
It is vital that the cost of a cache miss be accurately 
measured in order for many hardware and software 
optimizations to occur. In this paper we describe a 
new technique, called pipeline spectroscopy, that 
allows pipeline delays to be monitored and analyzed 
in detail.  We apply this technique to produce a cache 
miss ‘spectrogram’, which represents a precise 
readout showing a detailed histogram (visualization) 
of the cost of each cache miss.  Cache miss 
spectrograms are produced by comparing instruction 
sequences and execution times that occurred near a 
miss in a 'finite cache' simulation run to the same set of 
instructions and execution times in an 'infinite cache' 
run.    Cache misses are divided into clusters, and the 
miss penalty associated with each cluster is 
determined by identifying an upper and lower bound 
instruction around each miss cluster and calculating 
the cycle difference between these bounds.  Detailed 
analysis of a spectrogram leads to much greater 
insight in pipeline dynamics, including effects due to 
miss cluster, miss overlap, prefetching, and miss 
queueing delays.   
 
1. Introduction 
 

The rapid pace of technology improvements (both 
in speed and circuit density) has seen the internal 
organization of a processor become more complex.   In 
today’s processors the pipelines are faster, deeper, and 
wider than ever before.  However, the relative speed of 
memory has not kept pace with the processor’s 
frequency (cycle time) and so a proportionally greater 
percent of a program’s performance is lost due to cache 
misses.  To reduce the time lost to cache misses, 

designers have added many levels of caches.  It is 
common for a design to have two or three levels of 
cache between the processor and memory.  

In order to improve the performance of a 
processor or an application, designers have increased 
the amount of parallelism between the levels of the 
memory hierarchy.  This area of research, termed 
memory-level-parallelism (MLP), has been explicitly 
studied in [1, 2, 3], while early studies focused on 
modeling and evaluating performance with ILP 
processors [4, 5, 6].  Most recently, Chou et al. [7, 8] 
studied several techniques (out-of-order, runahead, 
value prediction, prefetching, store handling 
optimization) for increasing MLP in applications that 
are dominated by memory delays.  They show that 
substantial amounts of performance gains are possible 
by increasing the MLP in these applications.  

In this paper, we build on this work by describing 
a new technique to measure the amount of parallelism 
between the different levels of the memory hierarchy 
and describe a mechanism for displaying images that 
permits the visualization of the cost of each cache miss.   
We call this new technique ‘pipeline spectroscopy’ and 
the graphs representing the miss cost a ‘spectrogram’.  
The graphs are called spectrograms because they 
reveal certain signature features of the processor’s 
memory hierarchy, the pipeline, and the miss pattern 
itself (amount of overlap or parallelism that exists 
between each level of the memory hierarchy).  Using 
pipeline spectroscopy, we are able to measure the rate 
that misses are satisfied from the different levels of the 
memory hierarchy and quantify the cost of each cache 
miss, with and without overlap.  This quantification 
leads to a much greater understanding of the amount of 
parallelism or overlap that the micro architecture and 
application allow while a miss is in progress.  



Several mechanisms that measure the cost of a 
miss are described in the patent literature [9-18].  Most 
embodiments describe the difficulty in determining an 
accurate measure for the cost of the miss and rely on 
hardware monitors to count events (cycles) that 
indicate when the decoder or execution unit is delayed 
(stalled) while waiting for an operand (data) to estimate 
this cost.  However, not all of these events contribute 
to the loss of performance in a program.  Today’s 
processors have superscalar capabilities and parallel 
execution paths and a delay suffered in one component 
of a processor can be overlapped with other events to 
mask any loss due to the mis s.  For example, consider 
two events occurring in parallel: a branch miss-
prediction and a cache miss.  Simply counting the 
number of cycles an instruction (in the decoder or 
execution unit) is stalled waiting on a miss is not an 
accurate measure of the cost of the miss since many of 
the stall cycles are already overlapped with the delays 
caused by the branch miss-prediction.    

We apply pipeline spectroscopy to produce a 
cache miss spectrogram which represents a precise 
readout showing a detailed histogram (visualization) of 
the cost of each cache miss, with and without overlap.  
Cache miss spectrograms are produced by comparing 
instruction sequences and execution times that 
occurred near a miss in a 'finite cache' simulation run to 
the same set of instructions and their execution times in 
an 'infinite cache' run.    Cache misses are divided into 
clusters, and the miss penalty associated with each 
cluster is determined by a two step process.  First, an 
upper and lower bound sequence of instructions is 
identified that bounds each miss.  Second, the cost of 
the miss cluster is the difference (in time) between the 
finite cache and infinite cache execution time of the 
instruction sequence.   

The rest of this paper is organized as follows: 
Section 2 contains definitions and terminology. Section 
3 describes the process used to construct a miss 
spectrogram, and the simulation model is described in 
Section 4.  In Section 5 we measure the cost of a data 
miss and in Section 6 we describe an instruction miss 
spectrogram.  Section 7 shows how bus queueing 
changes the shape of a spectrogram.     Summary and 
conclusions are discussed in Section 8. 
 
2.  Performance Terminology 
 
The overall methodology used to calculate the cost of a 
miss and the visualization process are explained as a 
prelude to analyzing a miss spectrogram.  First, the 
definitions and formulas used to calculate the cost of a 

miss are described, then a description is set forth 
relative to how misses cluster and affect the standard 
operation of a high performance processor, followed by 
a description of the visualization process.   

The most commonly used metric for processor 
performance is, “Cycles Per Instruction” (CPI).  The 
overall CPI for a processor system has two 
components: an “infinite cache” component (CPIINF) 
sometimes called an ideal cache, and a “finite cache 
adder” (CPIFCA).   

 
CPIOverall = CPIINF + CPIFCA       (1) 
                                          

CPIINF represents the performance of the processor in 
the absence of misses, even compulsory (cache, and 
TLB).  It is the limiting case in which all memory 
operations are assumed to hit in the first-level cache 
and is a measure of the performance of the processor’s 
organization with the memory hierarchy removed.  
CPIFCA accounts for the delay due to cache misses and 
is used to measure the effectiveness of the memory 
hierarchy. 

The CPIFCA term can be expressed as the 

product of an event rate (specifically, the miss rate), 
and the average delay per event (cycles lost per miss): 

                                        

CPIFCA = ( Misses
Instruction )(

Cycles
Miss )                               (2) 

  
Substituting for CPIFCA in (1), the overall 

performance for a processor can be expressed as: 
                           

CPIOVERALL = CPIINF +( Misses
Instruction )(

Cycles
Miss )       (3) 

          
By rearranging this formula, the average cost of a 

cache miss can be calculated. That is , 
                        

( Cycles
Miss ) = (CPIOVERALL − CPIINF)( Instruction

Miss )  (4) 
   

     We use this formula to calculate the amount of time 
(cycles) a processor loses due to each cache miss.   The 
following example illustrates calculating cycles per miss 
using equation (4).  Consider an application whose 
entire run length is one million instructions and a 
processor where each cache miss is satisfied from the 
L2 with a 20 latency.  If an infinite cache simulation run 
takes one million cycles (CPIINF = 1), and a finite cache 

simulation run takes 1.3 million cycles, then the cache 
misses account for an additional 300,000 cycles and the 



total CPI = 1.3   and  CPIFCA = .3.  If the finite cache 

simulation run has 25,000 misses, then  

and  

 
By applying this equation over the entire length of an 
application, the average cost for all misses can be 
calculated.   

In the example above,  we applied (4) 
macroscopically to calculate the average cost of a miss 
over the total run time of an application.  However, 
equation (4) can also be used microscopically to 
calculate the cost of a single miss.  We will take a 
microscopic approach in using equation (4) to produce 
a miss spectrogram. 

 
3. Constructing a Miss Spectrogram 

 
A description of how misses can cluster and 

affect the performance of a processor is now described.  
Figure 1 shows the same five instructions executed as 
both an 'infinite cache' sequence of instructions and a 
'finite cache' sequence of instructions.  In the finite 
cache sequence, the instruction decode times are 
shown in bold and instruction completion or EndOp 
times are shown in parenthesis. In the infinite cache run 
only the instruction decode times (in bold) are shown. 

   

No Miss 
Activity

I1 I2 I3 I4 I5

   I1 I2 I4 (I5)

miss miss missmiss

time

time

infinite cache

finite cache

Miss Cluster Patterns

(I2)I3 (I4)I5

Miss Cluster Size = 3
Miss Cluster Size = 1

Miss Cluster Size = Number of Misses During Miss Facility Busy Interval

(I1) (I3)

Figure 1.  Miss Cluster Patterns for an Application, Cluster Sizes of 1 and 
3 Misses are shown

 
Associated with the finite cache run are two miss 

clusters, where a ‘miss cluster’ is a continuous interval 
of time characterized by at least one miss in progress at 
all times.  The size of the miss cluster is the number of 

misses that started during this interval.  In the finite 
cache run, the first miss cluster has three misses with 
overlap (size = 3) and the second miss cluster shows a 
miss in isolation (size = 1).  The time to process the first 
miss cluster (in the finite cache run)  is bounded by the 
decode time for instruction I1 and the EndOp time of I3,  
(I3EndOp - I1Decode)Finite Cache time.  Instruction I1 
represents the greatest lower bound of the miss cluster, 
while instruction I3 is the least upper bound of the 
cluster.  We call these points (instructions) the infimum 
and supremum of the miss cluster.  (By convention, the 
infimum of a miss cluster is the greatest instruction that 
decoded just prior to the beginning of the first miss in 
the miss cluster and the supremum is the first 
instruction that completed (EndOp) just after the last 
miss in the miss cluster finished.)   Similarly, the 
infimum instruction of the second miss cluster is I4 and 
the supremum is I5.  The time to process the second 
miss cluster is then (I5EndOp - I4Decode)Finite Cache.  To 
calculate the amount of delay associated with the first 
miss cluster we must subtract the amount of time to 
process the same set of instructions in an infinite cache 
run from the finite cache run. That is, [(I3EndOp - 
I1Decode)Finite Cache - (I3EndOp - I1Decode)Infinite Cache] 
equals the number of cycles the pipeline was stalled 
due to the first miss cluster.  Similarly, the amount of 
delay associated with the second miss cluster is 
[(I5EndOp - I4Decode)Finite Cache - (I5EndOp - 
I4Decode)Infinite Cache].  

By applying the above technique repeatedly, we 
can calculate the cost of a miss or miss cluster for both 
in-order and out-of-order processors.  In the example 
above, I1, I2, and I3 can even be from three different 
threads running on a multithreaded processor (or three 
out-of-order instructions), but as long as the same three 
instructions (and their order from the finite cache run) 
are used to determine the infinite cache run time, the 
cost of the miss cluster can be determined.      

There are certain boundary conditions that must 
be considered when determining the infimum and 
supremum of a miss cluster.  For example, the infimum 
of a miss cluster can only be established after the 
supremum of the previous miss cluster has been 
determined.  This ensures that one miss cluster is 
terminated before another starts.  If the upper and lower 
bounds of a miss cluster cannot be uniquely 
established, the two adjoining miss clusters are 
combined into a larger miss cluster.    

Also, when determining the infinite cache running 
time for an instruction sequence that occurred during a 
miss cluster, it may be necessary to prime the 
processor’s pipeline with some of the instructions that 

( Misses
Instruction ) = 25,000

1,000,000 = 1
40

( Cycles
Miss ) = 300,000

25,000 = 12.



occurred prior to the infimum instruction.  This ensures 
that the correct execution and EndOp times of the 
infimum instruction are preserved as it passes through 
the processor’s pipeline.  By grouping misses 
according to their cluster size and calculating the delay 
associated with a miss cluster (number of stall cycles) 
using the method described above, the amount of time 
a processor loses due to cache misses is produced. 
 
4. Simulation Methodology 
 

To date, pipeline spectroscopy has been 
implemented in three proprietary processor simulators.  
Each timer has produced results similar to those shown 
in Sections 5 and 6 below.   Each timer is cycle accurate 
and has been thoroughly validated against existing 
hardware.  The processor model used in this paper, 
shown in Figure 2 and described in [19, 20], is a 4 issue 
superscalar, with address generation and cache access 
as independent out-of-order processes.   

  AQDEC REN A0 A1

C1 C2 C3

E1EQ E0 Compl Retire

RX

RR

Fig. 2 shows the pipeline modeled in this study.  The stages
include: Decode, Rename, Agen Q, Agen, Cache Access, 
Execute Q, Execute, Completion and Retire.

 
The instruction window was set at 32 entries.  

Separate L1 instruction and data caches were modeled 
at 64 KB, the L2 size varies from 256K to 1 MB, and the 
L3 (when modeled) was varied from 1 MB to 4 MB.  
This processor model was chosen to illustrate the 
technique used to construct a spectrogram, and does 
not represent any existing or planned processor design.  
In our initial studies, execution and completion are in-
order.  Future work is planned to measure the benefits 
of out-of-order execution, prefetching, SMT, and SMT 
with out-of-order execution.     

We use instruction traces produced for the IBM 
zSeries (S/390) processor family.  In order to stress 
different levels of the memory hierarchy (L1, L2 or L3), 
we  use applications with large instruction and data 
footprints capable of stressing caches up to 4 
Megabytes.  Typically, commercial database 
applications have these characteristics [7].   In our 

study, we use six workloads drawn from database 
workloads, SPEC 2000, and a C++ application.  We use  
three proprietary commercial database applications 
running on zSeries servers, (oltp described in [21, 22] 
and oltp2, and oltp3); mcf, from SPEC 2000, SPECjbb 
2000, and perf1 [21, 22] a large-processor simulator 
written in C++.  Typically, trace lengths are 5 to 100 
million instructions.   The simulation environment can 
handle the entire SPEC suite; the application subset 
used for this work was chosen for its ability to stress L2 
and L3 cache usage. 
 
5. Miss Spectrogram For Data Misses 
 

In order to examine the miss spectrogram for data 
misses alone, we model an infinite or perfect instruction 
L1 cache, and set the data L1 cache to 64KB.   The L2 is 
set to 256KB with a 15 cycle latency, and set L3 latency 
to 100 cycles.  All L2 misses are resolved in the L3 
(infinite L3).  The line size and bus width are set at 128 
bytes.  No data prefetching was modeled.  In fact, data 
prefetching is very difficult for many of these 
applications.  However, prefetching will be explored 
when we examine the instruction miss spectrogram.   

Using the techniques described above, Figure 3 
shows the cache miss spectrogram for the oltp 
workload.  The overall hit ratio of the L2 was 
approximately 50%.  The miss spectrograms for cluster 
sizes = 1, 2, 3, and 4 are shown.  The X axis represents 
the cost of the miss for a given miss cluster size.  The Y 
axis shows the percent of misses that had that delay. 

The cluster =1 plot (in Figure 3) shows two peaks.  
The first peak is centered near 15 cycles (the L2 miss 
latency), and the second peak is near 100 cycles (the L3 
miss latency).  The integral of the areas under each 
peak is approximately the percentage of L1 misses 
resolved in the corresponding level of the memory 
hierarchy (i.e., the hit rates for the L2 and L3, or 50% in 
each).   

The cluster size = 2 plot shows peaks at 15 and 30, 
100 and 115, and 200 cycles.  Integrating the area under 
each peak, we see that the five miss clusters, costing 
15, 30, 100, 115 and 200 cycles, have a probability of 
.138, .168, .288, .191, and .215, respectively.  The peaks 
at 15 and 30 represent two L1 misses that both hit in the 
L2 but highlight two distinctively different outcomes.  
In the first case (peak at 15), both misses had a high 
degree of overlap (MLP) and the overall cost was 
approximately the L2 miss latency while in the second 
case there was little overlap and the cost of the miss 
cluster was the sum of two L2 hits.  



The peak at 100 again identifies two misses that 
were overlapped (had a high degree of MLP).  Whether 
it was two misses that hit in the L3, one miss that hit in 
the L2 and one that hit the L3, the overall cost of the 
misses in the cluster was just the L3 miss latency.   

The peak at 115 identifies two misses that had 
little or no overlap.  Here, one miss hit in the L2 and one 
miss hit in the L3 but the cost of the miss cluster was 
the sum of the individual miss latencies.  Finally, the 
peak at 200 identifies two misses that were resolved in 
the L3 and there was little overlap. 

The peaks in the cluster = 3 graph represent all of 
the hit/miss combinations (with and without overlap) of 
length 3 using the two miss latencies (15, 100) for the 
L2, and L3.  For example, the peaks at 15, 30, and 45 
present three L2 hits where two misses were 
overlapped, one miss was overlapped or no miss was 
overlapped with the other misses in the cluster.  
However, the peak at 300 represents three L3 hits with 
little overlap.  Obviously, three dependent misses that 
are resolved in the L3 can cause this miss penalty. 
Finally, the peaks in the cluster = 4 graph show all of 
the hit/miss, overlap/no-overlap, combinations of 
length 4 using the miss latencies 15 and 100. 

Each peak represents the amount of time the 
group of cache misses (cluster) stalled the pipeline.  By 

summing the ‘stall cycles’ calculated for each miss 
cluster, we can reconstruct the finite-cache-adder for 
the entire run, one cluster at a time.  In many cases this 
involves summing the delay associated with 10s of 
thousands to over 100,000 miss clusters.  Using this 
technique, we have always been able to reconstruct, 
within 5%, the true finite-cache-adder for a run.   

Figure 4 plots cluster size versus the amount of 
misses that occurred in that cluster.  Even though the 
maximum miss cluster for the run was well over 1000 
misses, typically the average miss cluster size is much 
smaller.  For example, over 80% of the misses occur to 
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miss clusters of size 6 or less.  This was observed for 
most applications used in this study.  

Prefetching and bus delays can change the shape 
of the peaks in a spectrogram.  Prefetching can broaden 
the left shoulder of any peak and reduce miss latency.  
Queueing and bus delays can increase the right 
shoulder of a peak, adding miss latency.  These 
features will be explored below.  Each spectrogram has 
enormous value to hardware and software designers by 
identifying potential performance problems associated 
with the processor's hardware or the application’s 
software.  

Next, we repeat the above experiment but use the 
oltp2 workload with the following memory hierarchy: 
data L1=64KB, L2=256KB 15 cycle latency, L3=1MB 75 
cycle latency, and 300 cycle memory latency.  Figure 5 
shows the data miss spectrogram for cluster sizes = 1, 2, 
and 3.    

The cluster = 1 plot shows three peaks.  The first 
peak is centered near 15 cycles (the L2 miss latency), 
the second peak is near 75 cycles (the L3 miss latency) 
and the third peak at 300 cycles (the memory latency).  
Integrating the area under each peak is approximately 
the hit ratio (regarding L1 misses) for that level of the 
memory hierarchy (i.e. the hit ratios for the L2, L3, and 
memory).  Examining the plots for cluster sizes equal 2 
and 3, we see that they show all of the hit/miss, 
overlap/no-overlap combinations of length 2 and 3 

using the 3 miss latencies: 15, 75 and 300.  Obviously 
the peak at 15 for the cluster size = 3 indicates a great 
deal of overlap among the three misses.  However, the 
peak at 390 (for cluster size =3) indicates very little 
overlap among the three misses.  Here, one miss was 
resolved in the L2, one in the L3, and one went to 
memory but the total miss penalty for the whole cluster 
is the sum of the individual miss latencies (15, 75, and 
300).  Similar hit/miss patterns, and overlap/no-overlap 
conclusions can be drawn for examining any peak in the 
miss spectrogram.   

We will refer to spectrograms like the one shown 
in Figure 5 as the ‘canonical’ representation for the cost 
of a miss in a multilevel memory hierarchy.   It is a 
canonical form because it represents the most general 
form (combinations) of the miss patterns in a memory 
hierarchy.  Obviously, prefetching and bus queueing 
can alter the miss patterns, and costs.  By including the 
possibility of a peak at zero, a miss spectrogram can 
have all possible combinations of the miss latencies 
from each level of the memory hierarchy for a given 
cluster size.  A peak at zero has the physical meaning 
that a miss or cluster of misses has zero delay.  
Prefetches, if issued far enough in advance of their use, 
speculative misses that do not interfere with any other 
cache accesses, or unused prefetches (in rare cases) 
have the possibility of causing zero delay.    

Each of the spectrograms above aids the 
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hardware/software designer by measuring the cost of a 
miss and by identifying potential performance 
bottlenecks.  For example, merely identifying that an 
instruction is always causing a cache miss is not 
always sufficient to identify a performance problem.  
Consider a processor with the following memory 
hierarchy: L1, L2, and memory with latencies of 15 
cycles for an L2 hit.  Now consider a three miss cluster  
where all three misses are resolved in the L2 (L2 hits).  If 
a software designer identifies that an instruction is 
always causing a miss and the cost of the miss cluster 
is 15 cycles, there is  probably  little benefit in removing 
(improving) the miss latency associated with those 
instructions since two out of the three misses are 
overlapped.  However, if the cost of the miss cluster is 
45 cycles, then very little of the miss latency is 
overlapped and it is probably worth the effort to 
investigate the source code to improve performance.  
Pipeline spectroscopy gives this information. 
 
6. Miss Spectrogram For Instruction Misses 
 

In the next set of experiments, we set the 
instruction cache to 64KB, the L2 to 256KB with a 15 
cycle latency, the L3 to 1MB with a 75 cycle latency, 
and the memory to a miss latency of 300 cycles (the 
compliment of the experiment shown in Figure 5).  
Instruction fetching is guided by a 32K-entry branch 
target buffer (BTB) that runs well ahead of instruction 
fetching and the decoder, predicting branches and 

aiding prefetching.   The benefits of using a BTB to 
guide instruction fetching and prefetch instructions 
have been well documented [23-30].   

Figure 6 shows the instruction spectrogram for 
cluster sizes = 1, 2, 3, and 4 for oltp.  These 
spectrograms are different from their data counterparts.  
The spectrograms for cluster sizes 1, 2, and 3 have 
dominant peaks at 0, 15, 75, and 300.  The amount of 
overlap, in the cluster = 2 and 3 spectrograms, is 
substantial.  The cluster size = 2 spectrogram is still 
dominated by peaks at 15, 75 and 300, even though 
there are two misses.  Obviously, one of the misses is 
overlapped with the first.  In the cluster size = 3 
spectrogram, there are four non-zero dominate peaks: 
15, 30, 75, and 300.  Here we have three misses but only 
the peak at 30 indicates that two out of the three misses 
were not overlapped.  In the other cases (peaks at 15, 
75, and 300), the cost of the miss cluster is 
approximately the cost of a single miss (either to the L2, 
L3, or memory) and two out of the three misses were 
overlapped with the first.  Recall that the data 
spectrograms for these cluster sizes had miss penalties 
extending to 600 and 900 cycles, respectively.  Even the 
cluster size = 4 spectrogram has substantial peaks at 15, 
75, and 300 cycles, indicating all misses were 
overlapped.  Analyzing the peak at 150 indicates two of 
the four misses were resolved in the L3 and not 
overlapped, while the other two misses were 
overlapped.  Similarly, the peak at 375 indicates one 
miss went to memory and the other was resolved in the 
L3 (the other two misses were overlapped).   
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The spectrograms also show that the BTB is able 
to substantially reduce the cost of a miss through 
prefetching.  Notice the large left shoulders on each of 
the peaks in all the spectrograms.  Additionally, each 
spectrogram has a large peak at 0 indicating that the 
BTB was able to prefetch instruction misses far enough 
in advance of their used to hide all of the miss latency.  
For example, the cluster = 4 spectrogram shows 
approximately 6% of the miss clusters had zero cycles 
penalties.  Here we have four misses that occur in 
parallel, but yet the BTB was able to prefetch them far 
enough in advance of their use to cause zero cycles 
difference between the finite cache simulation run and 
an infinite cache simulation run. 

In Figure 7, we change the range of the X and Y 
axis of the  cluster = 1 spectrogram to emphasize the left 
shoulder of the 15 and 75 peaks.  We see that the left 
shoulder of the peak beginning at 75 cycles extends to 
nearly 20 (indicating that prefetches are issued nearly 
55 cycles in advance of their use). 
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7. Bus Queueing and Spectrogram Shape 
 

In our last experiment we highlight the effects bus 
queueing has on the shape of a spectrogram.   We 
repeat the experiment shown in Figure 3 but change the 
memory latency to 50 cycles and model a 16 byte bus 
that transfers a packet of information every other cycle, 
as opposed to the optimistic 128B bus transfer used 
previously.  Now, it takes 16 cycles to transfer a line 
between the caches.  Figure 8 shows the spectrograms 
for clusters = 1, 2 and 3.  Notice the effects that bus 
queueing have on the shape of the right shoulder. 

In the cluster = 1 spectrogram, we clearly have 
peaks centered at 15 and 50 cycles, but the peaks are 
not as sharp as when the line was transferred in one 
cycle.  However, in the cluster = 2 spectrogram, the 
original five peaks shown in Figure 3 broaden and 
merge.  Now, there are three large peaks, (not five as 
seen earlier) with one peak between 30 and 60, one 
between 60 and 80, and one between 80 and 120 with a 
large right shoulder.  Obviously, there are four hit/miss 
combinations that describe the L2 hit/miss patterns but 
the cost of each miss cannot be identified as clearly as 
when the bus transfer interval was 1 cycle.  Finally, in 
the cluster = 3 spectrogram, all three peaks start to 
merge between a range of 30 to 180.  Clearly, queueing 
is increasing the cost of each miss or mis s cluster well 
beyond the miss latency.   
 
8. Summary 
 

A new technique has been presented for 
calculating the cost of a miss and displaying images 
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Figure 8. Data Miss Spectrogram.L1=64KB, L2=256KB 15 Cycle 
Latency, L3= 50 Cycle Latency, Line Transfer Interval= 16 Cycles



that represent their cost.  We call this technique 
pipeline spectroscopy.   The underlying principles of 
this technique are very simple: the cost of a miss can be 
determined by knowing the finite cache and infinite 
cache execution times for the same sequence of 
instructions.  The difference between these two times is 
the cost of the miss (cluster).   

We use this  principle to produce a miss 
spectrogram, which represents a precise readout of the 
cost of every miss.  A miss spectrogram has enormous 
value in analyzing the performance of an application or 
microarchitecture.  Detailed analysis of a spectrogram 
leads to insights in pipeline dynamics, including effects 
due to prefetching, bus queueing, and underlying 
architectural features that allow or inhibit memory level 
parallelism. 

In this study, we have demonstrated that pipeline 
spectroscopy can be used to explore the amount of 
miss processing parallelism that exists between each 
level of the memory hierarchy.  Future work is needed 
to study in-order versus out-out-order effects on miss 
parallelism, as well as SMT processor organizations, in 
addition to the shape of a spectrogram (left and right 
shoulders), and positions of each peak (and sub-peak). 
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