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Instruction-cache misses account for up to 40% of execution time in online transaction processing
(OLTP) database workloads. In contrast to data cache misses, instruction misses cannot be over-
lapped with out-of-order execution. Chip design limitations do not allow increases in the size or
associativity of instruction caches that would help reduce misses. On the contrary, the effective
instruction cache size is expected to further decrease with the adoption of multicore and multi-
threading chip designs (multiple on-chip processor cores and multiple simultaneous threads per
core). Different concurrent database threads, however, execute similar instruction sequences over
their lifetime, too long to be captured and exploited in hardware. The challenge, from a software
designerOs point of view, is to identify and exploit common code paths across threads executing
arbitrary operations, thereby eliminating extraneous instruction misses.

In this article, we describe Synchronized Threads through Explicit Processor Scheduling
(STEPS), a methodology and tool to increase instruction locality in database servers executing
transaction processing workloads. STEPS works at two levels to increase reusability of instruc-
tions brought in the cache. At a higher level, synchronization barriers form teams of threads that
execute the same system component. Within a team, STEPS schedules special fast context-switches
at very bne granularity to reuse sets of instructions across team members. To bnd points in the
code where context-switches should occur, we develop autoSTEPS, a code proPling tool that runs
directly on the DBMS binary. STEPS can minimize both capacity and conict instruction cache
misses for arbitrarily long code paths.

We demonstrate the effectiveness of our approach on Shore, a research prototype database sys-
tem shown to be governed by similar bottlenecks as commercial systems. Using microbenchmarks
on real and simulated processors, we observe that STEPS eliminates up to 96% of instruction-
cache misses for each additional team thread and at the same time eliminates up to 64% of mis-
predicted branches by providing a repetitive execution pattern to the processor. When perform-
ing a full-system evaluation on real hardware using TPC-C, the industry-standard transactional
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Fig.1. Example of atwo-way set associative, four-set (eight cache blocks) L1-1 cache. Code stored in
RAM maps to one set of cache blocks and is stored to any of the two blocks in that set. For simplicity,

we omit L2/L3 caches. In this example, the for-loop code bts in the cache only if procedure A is never
called. In that case, repeated executions of the code will always hit in the L1-I cache. Larger code
(more than eight blocks) would result in  capacity misses. On the other hand, frequent calls to A
would result to  conRict misses because AOs code would replace code lines f3 and f4 needed in the
next iteration.

Na tool to automatically bnd the points in the code that the instruction cache
plls up;

Nthe implementation and evaluation of the presented techniques inside a re-
search prototype database system running a full-blown multiuser transac-
tional benchmark on real hardware.

The rest of the article is organized as follows. Section 2 contains background
information on instruction caches and discusses trends in processor design
along with related research efforts. Section 3 introduces STEPS and evalu-
ates the basic implementation through microbenchmarks on three processors
(AthlonXP, Pentium Ill, and Pentium 4) and on several different simulated
cache conbgurations. Section 4 describes the full STEPS implementation, ca-
pable of handling any arbitrary OLTP workload and presents TPC-C results.
Section 5 presents autoSTEPS and discusses its applicability to commercial
DBMS software. Section 6 concludes and discusses how STEPS can be extended
to apply to current and upcoming multithreaded processor designs.

2. BACKGROUND AND RELATED WORK

To bridge the CPU/memory performance gap [Hennessy and Patterson 1996],
todayOs processors employ a hierarchy of caches that maintain recently refer-
enced instructions and data close to the processor. Figure 1 shows an example of
an instruction cache organization and explains the difference between  capacity
and conRict cache misses. Recent processorsNfor example, IBMOs Power5Nhave
up to three cache levels. At each hierarchy level, the corresponding cache trades
off lookup speed for size. For example, level-one (L1) caches at the highest level
are small (e.g., 16D64 kB), but operate at (or close to) processor speed. In con-
trast, lookup in level-two (L2) caches typically incurs up to an order of magni-
tude longer time because they are several times larger than the L1 caches (e.g.,
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Next, we describe (a) how to minimize the context-switch code size, and (b)
where to insert the context-switch calls in the DBMS source code.

3.2 Fast, Efbcient Context-Switching

Switching execution from one thread (or process) to another involves updat-
ing OS and DBMS software structures, as well as updating CPU registers.
Thread switching is typically less costly than process switching. Most commer-
cial DBMS involve a light-weight mechanism to pass on CPU control (Shore
uses user-level threads). The code of typical context-switching mechanisms,
however, occupies a signibcant portion of the L1-l1 cache and takes hundreds
of processor cycles to run. ShoreOs context-switch, for instance, occupies half of
Pentium 1110s 16-kB L1-I cache.

To minimize the overhead of context-switching among STEPS threads, we
employ a well-known design guideline: we make the common case fast. The com-
mon case here is switching between transactions that are already synchronized
and ready to execute the same DBMS function call. Our fast context-switch
mechanism executes only the core code and updates only CPU state, ignoring
thread-specibc software structures (such as the ready-thread queue) until they
must be updated. We describe when we update those structures, along with
how transactions are synchronized in the brst place, in Section 4.

The absolute minimum code needed to perform a context-switch on a
IA-32 architectureNsave/restore CPU registers and switch the base and stack
pointersNis 48 bytes. After adding the code to handle scheduling between dif-
ferent STEPS threads, we derive a context-switching code with a 76-bytes foot-
print. Therefore, it only takes three 32-byte (or two 64-byte) cache blocks to store
the context-switch code. One optimization that several commercial thread pack-
ages (e.g., Linux threads) make is to skip updating the Roating point registers
until they are actually used. For a subset of the microbenchmarks, we apply a
similar optimization using a Rag in the core context-switch code.

3.3 Finding Context-Switching Points in Shore

So far, we have described a fast context-switching function that can be used
among threads in a controlled setting (threads are already synchronized and
ready to execute the same DBMS function call). The next step is to bnd ap-
propriate places in the DBMS source code to insert a call to the context-switch
function (CTX). These places would correspond to the points where the instruc-
tion cache blls up during the execution of a single thread (see also Figure 3(b)).
To bnd these points in the source code, we perform a manual, test-and-try
search on all transactional operations in Shore (begin, commit, index fetch,
scan, update, insert, and delete). Although our manual search was not par-
ticularly lengthy (a few days for one person), we describe later (Section 5)
a tool that automates this procedure and that can work with arbitrary code
bases.

Given a specibc transactional DBMS function call (for example, index-fetch),
the manual search proceeds as follows. We create a simple, synthetic database
and create two threads that only perform an index-fetch. We pick a random
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Fig. 13. Transaction mix includes only the Payment transaction, for 10030 Warehouses (100300
threads).

Table IV. Team Sizes Per DBMS Operation in Payment

Warehouses 10 20 30
Operation (table) in out in out in out
index fetch (C) 8.6 | 8.6 16 16 252 | 247
index fetch (D) 89 | 1.7 16.2 2.6 | 317 5.3
index fetch (W) 89 | 05 16.6 1 30 1.9
scan (C) 94 | 82 16 143 | 26.2 | 23.7
insert (H) 79| 7.8 149 | 146 | 24 23.2
update (C, D, W) 75| 7.2 14 123 | 21.6 19
Average team size 8.6 6.9 159 | 123 | 264 | 204
# of ready threads 15 28 48.4

4.3 TPC-C Results

Initially we ran all TPC-C transaction types by themselves, varying the
database size (and number of users). Figure 13 shows the relative performance
of STEPS over Shore when running the Payment transaction with standard
TPC-C scaling for 10, 20, and 30 Warehouses. The measured events were exe-
cution time in CPU cycles, cache misses for both L1 and L2 caches, the number
of instructions executed, and the number of mispredicted branches. Results for
other transaction types were similar. STEPS outperformed the original system,
achieving a 60%b65% reduction in L1-1 cache misses, a 41%D45% reduction in
mispredicted branches, and a 16%bP39% speedup (with no Roating-point opti-
mizations). The benebpts increased as the database size (and number of users)
scaled up. The increase in L1-D cache misses was marginal. STEPS speedup
was also fueled by fewer L2-1 and L2-D misses as the database size increased.
STEPS made better utilization of AMDOs small L2 cache as fewer L1-l cache
misses also translated into more usable space in L2 for data.

Table IV shows for each conbguration (10, 20, and 30 Warehouses run-
ning Payment) how many threads on average entered an execution team for a
DBMS operation and exited without being stray, along with how many threads
were ready to run at any time and the average team size. The single cap-
ital letters in every operation correspond to the TPC-C tables/indices used
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Fig. 15. Cumulative number of instruction cache misses for single-thread execution of index _fetch
for all executed instructions. Original corresponds to warm-cache behavior for any thread. The line
for STEPS simulation (200,4) shows misses for any nonleading STEPS thread. The vertical lines
show the points where a fast CTX took place, when autoSTEPS is conbgured for a knee of 200
instructions width and height 4.

code segment following the newly placed CTX call, we can afford more evictions
before one results into a STEPS miss (since it is a new segment for all team
threads), effectively OabsorbingO the knee in the misses altogether.

Totest autoSTEPS, we collected a trace of instructions executed during index-
fetch, using the same setup as described in Section 3. We ran  autoSTEPS with
a knee of width 200 instructions and height 4 misses and compared the number
of misses for a single thread (nonleading thread when in STEPS mode) for the
original code and STEPS execution. Figure 15 shows the cumulative number of
misses as those added up for every executed instruction (the number of executed
instructions at any time is on the  x-axis). The top line corresponds to the L1-I
cache misses of the original code, when the cache was warmed up with the exact
same operation, as computed by the cache simulator of cachegrind. The bottom
line corresponds to STEPS misses (misses caused by nonleading threads), while
the vertical lines show where a CTX call took place. In this run, autoSTEPS
output three insertion points for CTX code, which resulted in a total of seven
CTX calls. As Figure 15 shows, the resulting conbguration kept the overall
number of misses very low, with only three CTX insertion points in the source
code. Note that, during manual tuning, a total of 16 CTX insertion points was
used.

To examine the effect of varying the knee input parameters to  autoSTEPS,
Figure 16 plots the number of L1-lI cache misses ( y-axis) against the number
of CTX calls executed ( x-axis) for various inputs. The observed trend is an ex-
pected one: as the height of the knee was reduced, autoSTEPS resulted in more
recommendations for CTX calls, which brought the overall number of misses
lower. For the same height, a wider knee essentially allowed more Rexibility
in debning a knee, absorbing more misses. Note that these are trends that do
not always hold, since autoSTEPS does not try to minimize the actual num-
ber of CTX calls executed. A CTX insertion point is picked according to the
miss behavior up to that point, and not according to how many total calls it

ACM Transactions on Database Systems, Vol. 31, No. 3, September 2006.






Improving Instruction Cache Performance in OLTP € 917

Fig. 17. Performance comparison of Original, STEPS with manually placed CTX calls, and STEPS
with an automatically produced conbguration. We used  autoSTEPS(200,4) to derive only three CTX
calls (the manual conbguration has 16 CTX calls).

the autoSTEPS conbguration. The results are shown in Figure 17. The left part

of the bgure shows the total number of L1-I cache misses for all 10 threads ex-
ecuting index-fetch, for the three systems. As expected, the autoSTEPS conbg-
uration signibcantly outperformed the original system and was slightly worse

than the manual conbguration. The right part of Figure 17 shows the total ex-
ecution cycles. The autoSTEPS conbguration performed almost as well as the
manual conbguration since it executed fewer context-switches.

6. CONCLUSION

This article described STEPS, a transaction coordinating mechanism that ad-
dresses the instruction-cache bottleneck in OLTP workloads. As recent studies
have shown, instruction-cache misses in transaction processing account for up
to 40% of the execution time. Although compiling techniques and recently pro-
posed architectural features can partially alleviate the problem, the database
software design itself holds the key for eliminating cache misses by targeting di-
rectly the root of the problem. While database researchers have demonstrated
the effectiveness of cache-conscious algorithms and data structures on data
cache misses, instruction cache performance in transaction processing has yet
to be addressed from within the software. The size of the code involved in trans-
action processing and the unpredictable nature of transaction execution make
a software approach to eliminate instruction-cache misses a challenging one.

STEPS is a mechanism that can be applied with few code changes to any
database software and shape the thread execution sequence to improve tempo-
ral locality in the instruction cache. To achieve this, STEPS brst forms teams
of threads executing the same system component. It then multiplexes thread
execution within a team, at such bne granularity that it enables reuse of in-
structions in the cache across threads. To the best of our knowledge, STEPS
is the brst software approach to provide explicit thread scheduling for improv-
ing instruction cache performance. STEPS is orthogonal to compiler techniques
and its benebts are always additional to any binary-optimized conbguration.
This article shows that STEPS minimizes both capacity and confict instruction
cache misses of OLTP with arbitrary long code paths, without increasing the
size or the associativity of the instruction cache.
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