Appears irProceedings of the Sixteenth Symposium on Operating Systems Principles (Work in ProgressGets&ien)1997.

FoLLow-ON SCHEDULING
USING TLB INFORMATION TO REDUCE CACHE MISSES

FRANK BELLOSA

bellosa@informatik.uni-erlangen.de
Department of Computer Science 1V, University of Erlangen-Nirnberg, Martensstral3e 1, 91058 Erlangen, Germany

Processor caches are designed to store the most i@ the same dispatch queue, the order of the dis-
cently used subset of the main memory and to propatch queue is carefully changed so that related
vide this subset with low latency. Most contempo-threads follow upon each other. This approach

rary cache architectures use physically indexeddraws most profit from operating systems where

caches to facilitate cache coherency and to avoidhreads are enqueued into a fixed-priority dispatch

cache flushing during a context switch. Memory of queue after they have returned from sleep (e.g, asin
multiple contexts can simultaneously be encached®ystem V Release 4).

in physically indexed caches. If two threads with a1, getermination of related threads is a compute-
different working set follow upon each other, the jyiansive procedure, because there exists no trivial

cache content is displaced. In this situation, the PrOmapping from protection domains (physical pages

cessor stalls due to cache misses in the instruction- contexts) to active entities (threads). We were
fetch and load/store pipeline stage. therefore forced to implement a reverse lookup
Kernel threads frequently share a lot of memory.mechanism to coalesce threads and pages.

Examples are code segments, shared memory Segye a5 rements conducted on a prototype imple-
ments, or shared address spaces in multithreadelo\ation using the Solaris operating system dem-
applications. Switching between threads that shargqirate the advantages of using TLB information
large parts of their working set results in high cachg, 5 multiprogrammed information- and applica-

reuse, few cache misses, and thus in good Systeffh,_server (SUN Enterprise X000 architecture).
performance [1]. Our analysis of typical applica-

tion- and information-servers shows that a large
fraction of the physical memory pages is shared byl' Shared Pages Promote Cache Reuse

multiple contexts. In a highly loaded server system,Exploiting locality of reference is the purpose of
there are normally many runnable threads in eacltaches. Reusing the content of caches narrows the
runqueue sharing a lot of memory. Itis desirable forgap between the slow main memory and the fast
threads with the same working set to follow uponprocessing unit. The efficiency of caches is deter-

each other to reuse the content of the cache, but ifhined by the degree cache entries can be reused.
contemporary operating systems the sequence

T . q;\/hile small virtual caches are common as primary
execution is independent of working-set aspects.

caches because they permit fast access, physical
Our approach to improve system performance usegaches dominate the area of second level caches.
information derived from the translation lookaside physical caches ease cache consistency for 1/O op-
buffer (TLB) to detect kernel threads which share aerations and multiprocessing and require no addi-
lot of memory pages. To determine the pages ajonal support to eliminate aliases or ambiguities.
thread is accessing, we need to analyze the contepthysically indexed caches store a small subset of
of the TLB. As we cannot easily look into the TLB, physical memory without any consideration con-
we have to modify the TLB- miss handler or to an-cerning context, address space and memory map-
alyze data structures used to cache the page tablgsg. Therefore, physically indexed caches can
(e.g., translation storage buffer TSB in the store the working sets of multiple threads, even if
Sparc V9 architecture [2]). tElated threadseside  these threads belong to different processes.
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FIG. 1.1. With physically indexed caches,

cache entries of shared pages can be reused.
If the working sets of threads differ, large portions run on the same CPU before. Especially on highly
of the second level cache have to be loaded after populated run-queues, the sequence of threads can
switch because multiple divergent working sets dobe modified, such that cache misses due to changed
not fit into the cache. On the other hand cache enworking sets can be considerably reduced. A good
tries of shared memory regions can be reused aftezxample of a highly populated queue is the queue
a switch. Our approach to improve cache reuse is tdedicated to threads returning from sleep in a Unix
exploit the property of shared pages exhibited bySystem V Release 4 (see FIG. 1.2.). On a highly
many applications. loaded server we observed more than 50 runnable
dhreads in this queue. The longer the queue, the

more effectively the sequence of threads can be op-
timized.

To investigate the property of page sharing we hav
to analyze three aspects:

— the type of memory which is shared among
threads : . .
2. TLB-Miss Guided Enqueueing
i Scheduling decisions are based on information.
— the degree of sharing between threads Follow-On Schedulingxtends the deciding factors
Multithreaded applications and those using sharedf contemporary schedulers (timing, priority,
memory segments for inter-process communica-event-type, swap-state of process, reason for block-
tion (IPC) share physical pages filled with data.ing) by adding information concerning the relation-
Shared code pages can be found if a shared librarghip between threads. To gather this additional in-
is mapped into multiple address spaces or if multi-formation we considered three data structures
ple instances of the same executable are runningvhich store memory-access information.

Thregds vv_hich trigger similar kgrngl activities (net- , the page table provides the complete mapping
working, filesystem, synchronization) also share ¢ virtual to physical address space. The de-
pages related to the kernel (see FIG. 1.1.). tection of heavily used pages is difficult due to
Those threads which share pages have to be identi- the low scan rate of the clock algorithms used to
fied. If two threads share a large portion of their provide information for paging decisions. The
working set they are declared sdatives The page table is not a CPU-local structure, so we
scheduler should influence the dispatcher such that cannot distinguish the page access of multiple
related threads follow upon each other. We intro- processors. Traversing the page table is a com-
duce this technique calldallow-On Scheduling plex task and the access bits of the page table en-
The benefit of Follow-On Scheduling lies in the re-  tries do not provide information to distinguish
duction in the number of cache misses a thread ex- the page access of multiple threads assigned to
periences after the switch, if a related thread has the same process. Finally, the page table does

— the sets of threads sharing memory
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Dispatch Queue with Priority 59 (Sleep_Return in SVR4):
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FIG. 1.2. Reordering of run-queues by Follow-On Scheduling decisions

not allow the detection of shared kernel resourc- ¢

es.
Small memory regions are frequently used to

The TLB is a hardware structure which is hard
to read. But the TLB-miss handler can be modi-
fied such that it makes a note of TLB misses in a

cache the page table. These page table caches trace buffer local to each CPU. Because there is

narrow the gap in access speed between the tiny
full-associative TLB and the complex page ta-
ble. The translation storage buffer (TSB) of the
SPARC V9 architecture is one example of such
caches, which are managed by software. The de-
sign objective of the TSB is to store the hot spots
of the page table in the CPU caches, speeding up
the resolution of TLB misses. The TSB is a
CPU-local structure which is easy to access. The
typical size of the TSB allows the analyses of the
relationship between processes as the number of
TSB entries (usually 32768 pages) is quite high.
It can therefore be used to identify shared pages.
The TSB gives no hints to enable the detection
of related threads because it contains context in-
formation but no thread-specific information.

no kernel virtual memory while executing the
TLB-miss handler, the thread-id of the currently
running thread has to be stored in a CPU-local
memory region in physical memory. This task is
done in the switch routine. Now we can trace the
thread-id causing a TLB miss and the page
frame number loaded into the TLB (see
FIG. 2.1.). Because the trace is not influenced by
the MMU context, the page access of a thread
can be observed independent whether the thread
IS running in user- or in kernel-space.

By periodically analyzing the trace buffer, we
know exactly which pages are accessed by a
specific thread and the degree of relation be-
tween all threads of execution.

L4 [ 2 | 3|
TLB-Miss Handler
Enqueueing
Hint
Thread_id | PageFrame e\llgry Thread_id Relatives

1732 seconds 2
4321 2 3
2 4321 4 51| 3

3 173 5 2

TLB-Trace Buffer (32KB)

Thread Relative Table

FIG. 2.1. TLB-Miss Guided Enqueuing
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Despite the complex modification of trap handling, server demonstrate the effects of Follow-On Sche-
switching routines and CPU-specific data struc-duling. Without any application-specific knowl-
tures, we chose the third approach for our imple-edge, the scheduler is able to identify threads shar-
mentation of Follow-On Scheduling. A SUN Enter- ing physical pages and to enqueue them so that they
prise server running the Solaris 2.5.1 operating sysfollow upon each other.

tem is the platform of our prototype.

The analyses of the trace data are done by the scha- State of Work

QUIer, which updates a tapl_e repres_entlng the r.elal':ollow-On Scheduling is running in a production
tion between thrgads_ surviving multiple SChe.du“ngenvironment on SUN Ultra-I workstations and on a
cycles (short-living interrupt threads are filtered SUN Enterprise 3000 server at our department.
out). With approximately 20,000 TLB misses per second
The Thread Relative Tabl¢see FIG. 2.1.) gives the overhead of TLB tracing amounts to about 5000
hints to the enqueueing functions. If a relatedsecond-level cache misses per second. This can be
thread is found near the location where a thread isieglected on a server where half a million cache
designated to be enqueued (normally at the front omisses occur per second. The analysis of the trace
back of the queue), other threads can be bypasseBuffer every 2-10 seconds adds 10,000 cache miss-
To prevent starvation, the scope of the lookup func-es per second.
tion should be limited to two or three queue posi-To determine the number of cache misses more pre-
tions. Furthermore a thread can only be bypassed @isely, we have established virtual event counters,
few times. which register events like cache misses or clock
ticks. While handling traps we update virtual 64-bit

TABLE 2.1.Snapshot of runqueue 59 counters located in the CPU- and thread-structures

could clearly identify classes of threads sharing
lot of pages. For example we ran a highly loaded
Apache WWW-server and thErlangen Library

System (ELIS) with 30 active users searching the li-
braries of the university. Both applications imply
frequent blocking due to 1/0O events. Snapshots o
the runqueues (see TAB. 2.1.) of a highly loaded

!

Contemporary Scheduling Follow-On Scheduling using the values of the physical 32-bit counters (see
elis elis FIG. 3.1)).

elis elis

httpd-1.2.1 elis —— o n | Event Counter
httpd_l'z'l elis C(;Z:e C(;z:e Ccalz:e Cc:;:e ::Zac:;e Misses

elis httpd-1.2.1 B

elis httpd-1.2.1 BusComecr | |[2us-Connecir

httpd-1.2.1 httpd-1.2.1

httpd-1.2.1 httpd-1.2.1 memory | | wemory | [w—Stall Cycles

elis httpd-1.2.1

httpd-1.2.1 elis Gigaplane

elis httpd-1.2.1 SUN Enterprise X000 Architecture

httpd-1.2.1 httpd-1.2.1 .

httpd-1.2.1 httpd-1.2.1 FIG. 3.1. Enhancing the thread- and CPU-context
elis alis by level-2 cache misses and clock ticks

4ve do not want to influence the operating system by
additional calls. Our approach is an enhancement

of the /proc-filesystem, which provides kernel-vir-
tual addresses of those regions where virtual coun-

ers are stored. After mapping those regions from /
dev/ikmem into the address-space of a profiling-
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daemon, there is no need for system intervention t&. References

access sampling data.
An unmodified application can now be observe
from a dedicated CPU without any influence on the
application’s execution.

Having obtained detailed information about the

cache- and TLB-behavior of our system, we real-[2]

ized that the benefit of Follow-On Scheduling is
equivalent to the overhead. We could therefore see
no reproducible performance improvement on our
production servers. The reasons are:

» The CPUs browse through large code and data
regions inside the scheduler and dispatcher. This
exceeds the capacity of the caches found in our
machines (512 KB 2nd-level caches)

» The shared libraries used in our applications
(libc, libsocket, etc.) do not use functionality
provided by the hardware (Visual Instruction
Set) to bypass the cache while copying memory.
Polluting the cache with load/store operations of
one-way data displaces reusable cache entries.

» The physical pages frequently have the wrong
page color. Erratic page coloring implies a large
number of conflict misses.

Therefore the second-level cache is frequently
cleared of shared data and code. The few remaining
cache lines available for reuse are not sufficient to
demonstrate that the number of cache misses can be
reduced and thus the overall performance im-
proved.

4. Future Work

With direct mapped caches, a properly colored
memory is a prerequisite for reproducible results on
a high level. We hope to have access to systems
which provide page recoloring in the near future.

To prove the concept of Follow-On Scheduling we
plan to design a memory-conscious scheduler and
dispatcher which is adapted to the special needs of
high clocked RISC architectures with large caches.
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