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DVA- based Adj ustabl e Repl acenent Cache

While nmuch of the theory of operation used here is

based on the self-tuning, |ow overhead replacenent cache
presented by Megi ddo and Mbdha at FAST 2003, there are sone
significant differences:

1. The Megi ddo and Mbdha npdel assumes any page is evictable.
Pages in its cache cannot be "locked" into menory. This nakes
the eviction algorithmsinple: evict the last page in the list.
This al so nake the performance characteristics easy to reason
about. Qur cache is not so sinple. At any given nonent, sone
subset of the blocks in the cache are un-evictable because we
have handed out a reference to them Blocks are only evictable
when there are no external references active. This nakes
eviction far nore problematic: we choose to evict the evictable
bl ocks that are the "lowest" in the list.

There are tines when it is not possible to evict the requested
space. |In these circunstances we are unable to adjust the cache
size. To prevent the cache growi ng unbounded at these tines we
inmplement a "cache throttle" that slows the flow of new data
into the cache until we can nmake space avail abl e.

2. The Megi ddo and Mbdha nodel assunes a fixed cache size.
Pages are evicted when the cache is full and there is a cache
mss. Qur nodel has a variable sized cache. It grows with
hi gh use, but also tries to react to nenory pressure fromthe
operating system decreasing its size when systemnmenory is
tight.

3. The Megi ddo and Mbdha nodel assunes a fixed page size. Al
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el ements of the cache are therefore exactly the same size. So
when adj usting the cache size following a cache mss, its sinply

a matter of choosing a single page to evict. |In our nodel, we
have vari abl e sized cache bl ocks (rangeing from512 bytes to

128K bytes). W therefore choose a set of blocks to evict to make
space for a cache mi ss that approxi mates as closely as possible
the space used by the new bl ock.

See al so: "ARC. A Sel f-Tuning, Low Overhead Repl acenent Cache"

by N. Megiddo & D. Mvdha, FAST 2003

Ext ernal users typically access ARC buffers via a hash table

| ookup, using the DVA, spa_t pointer value and the birth TXG
nunber as the key. The hash value is derived by buf_hash(),
which spits out a 64-bit hash index. This index is then masked
with ht_nmask to obtain the final index into the hash table:

64-bit hash val ue |
I

Si zing of the hash table is done at boot fromthe ambunt of
physical nenmory. W start with a base value of 2712 hash
buckets and then eval uate whether this nunber, nultiplied by
27zfs_arc_ht _base_maskl en (the m ni num mask | ength), is

greater than or equal to the amount of physical nenmory. If not,
we doubl e the nunmber of hash buckets and repeat. Using the
default settings these values translate to ~1 MB of hash tables
for each 1 GB of physical nenory.

The | ocki ng nodel :

A new reference to a cache buffer can be obtained in two
ways: 1) via a hash table | ookup using the DVA as a key,

or 2) via one of the ARC lists. The arc_read() interface
uses nethod 1, while the internal arc algorithnms for

adj usting the cache use nethod 2. W therefore provide two
types of locks: 1) the hash table |lock array, and 2) the
arc list |ocks.

Buf fers do not have their own nutexes, rather they rely on the
hash table nmutexes for the bulk of their protection (i.e. nost
fields in the arc_buf_hdr_t are protected by these nutexes). The
specific mutex is selected by taking its hash val ue and naski ng
it by ht_lock_mask, which then produces an index into the nmutex
table. The size of the lock table is derived fromthe amount of
physi cal nenory, which is sinply divided by

27zfs_arc_ht _lock_shift, giving the nunber of locks, with a

m ni mum of M N_BUF_LOCKS.

fields in the arc_buf_hdr_t are protected by these nutexes).

buf _hash_find() returns the appropriate nmutex (held) when it
| ocates the requested buffer in the hash table. It returns
NULL for the nutex if the buffer was not in the table.

buf _hash_renove() expects the appropriate hash nutex to be
already held before it is invoked.

Each arc state also has a nmutex which is used to protect the
buffer list associated with the state. Wen attenpting to
obtain a hash table lock while holding an arc list |ock you

must use: nutex_tryenter() to avoid deadl ock. Al so note that
the active state nutex nust be held before the ghost state nutex.
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127 * Arc buffers may have an associated eviction callback function.

128 * This function will be invoked prior to renoving the buffer (e.g.
129 * in arc_do_user_evicts()). Note however that the data associated
130 * with the buffer may be evicted prior to the callback. The call back
131 * nust be made with *no | ocks held* (to prevent deadl ock). Additionally,
132 * the users of callbacks nmust ensure that their private data is

133 * protected from simultaneous callbacks from arc_buf_evict()

134 * and arc_do_user_evicts().

135 *

136 * Note that the majority of the performance stats are nanipul ated

137 * with atomi c operations.

138 *

139 * The L2ARC uses the |2arc_buflist_ntx global mutex for the foll ow ng:
140 *

141 * - L2ARC buflist creation

142 * - L2ARC buflist eviction

143 = - L2ARC write conpletion, which wal ks L2ARC buflists

144 = - ARC header destruction, as it renmoves from L2ARC buflists
145 * - ARC header release, as it renpves from L2ARC buflists

146 */

148 #incl ude <sys/spa. h>

149 #incl ude <sys/zio. h>

150 #i ncl ude <sys/zi o_conpress. h>
151 #include <sys/zfs_context.h>
152 #include <sys/arc. h>

153 #i ncl ude <sys/refcount.h>
154 #incl ude <sys/vdev. h>

155 #incl ude <sys/vdev_i npl . h>
156 #i nclude <sys/dsl _pool . h>
157 #ifdef _KERNEL

158 #i ncl ude <sys/vnsystm h>

159 #incl ude <vnf anon. h>

160 #i ncl ude <sys/fs/swapnode. h>
161 #i ncl ude <sys/dnlc. h>

162 #endi f

163 #include <sys/callb.h>

164 #include <sys/kstat.h>

165 #include <zfs_fletcher.h>

167 #i fndef _KERNEL

168 /* set with ZFS DEBUG=watch, to enabl e watchpoints on frozen buffers */
169 bool ean_t arc_watch = B_FALSE;

170 int arc_procfd,;

171 #endi f

173 static kmutex_t
174 static kcondvar _t
175 static uint8_t

arc_recl ai mthr_| ock;
arc_reclaimthr_cv;
arc_thread_exit;

/* used to signal reclaimthr

177 #define ARC_REDUCE_DNLC_PERCENT 3
178 uint_t arc_reduce_dnl c_percent = ARC_REDUCE_DNLC_PERCENT;

180 typedef enum arc_reclai mstrategy {
181 ARC_RECLAI M_AGGR,
182 ARC_RECLAI M_CONS
183 } arc_reclaimstrategy_t;

/* Aggressive reclaimstrategy */
/* Conservative reclaimstrategy */

185 /*

186 * The nunber of iterations through arc_evict_*() before we
187 * drop & reacquire the |ock.

188 */

189 int arc_evict_iterations = 100;

191 /* nunber of seconds before grow ng cache again */
192 static int arc_grow retry = 60;

*/
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194 /* shift of arc_c for calculating both min and max arc_p */
195 static int arc_p_mn_shift = 4;

197 /* log2(fraction of arc to reclaim */
198 static int arc_shrink_shift = 5;

200 /*

201 * minimumlifespan of a prefetch block in clock ticks
202 * (initialized in arc_init())

203 */

204 static int arc_mn_prefetch_lifespan;

206 /*
207 * If this percent of nenory is free, don't throttle.
208 */

209 int arc_|l otsfree_percent = 10;
211 static int arc_dead;

213 /| *

214 * The arc has filled avail able nenory and has now war nmed up.
215 */

216 static boolean_t arc_warm

218 /*
219 * These tunables are for perfornance anal ysis.
220 */

221 uint64_t zfs_arc_max;

222 uint64_t zfs_arc_mn;

223 uint64_t zfs_arc_neta_linmt = 0O
224 int zfs_arc_grow retry = O;

225 int zfs_arc_shrink_shift = O;

226 int zfs_arc_p_mn_shift = 0;

227 int zfs_disable_dup_eviction = 0;

229 | *

230 * Used to calculate the size of ARC hash tables and nunmber of hash |ocks.
231 * See big theory block comment at the start of this file.

232 */

233 uint64_t zfs_arc_ht_base_maskl en = 13;

234 | *

235 * W want to allocate one hash | ock for every 4GB of menory with a m ni nrum
236 * of M N_BUF_LOCKS.

237 *

238 uint64_t zfs_arc_ht _lock _shift = 32;

239 #define M N _BUF_LOCKS 256

241 | *

242 * Note that buffers can be in one of 6 states:

243 * ARC_anon - anonynous (di scussed bel ow)

244 * ARC nru - recently used, currently cached

245 * ARC_nr u_ghost - recentely used, no longer in cache
246 * ARC nfu - frequently used, currently cached

247 * ARC _nf u_ghost - frequently used, no longer in cache
248 * ARC | 2c_only - exists in L2ARC but not other states
249 * \When there are no active references to the buffer, they are
250 * are linked onto a list in one of these arc states. These are
251 * the only buffers that can be evicted or deleted. Wthin each
252 * state there are nultiple lists, one for neta-data and one for
253 * non-neta-data. Meta-data (indirect blocks, blocks of dnodes,
254 * etc.) is tracked separately so that it can be nmanaged nore
255 * explicitly: favored over data, limted explicitly.

256 *

257 * Anonynous buffers are buffers that are not associated with
258 * a DVA. These are buffers that hold dirty bl ock copies
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before they are witten to stable storage. By definition,
they are "ref’d" and are considered part of arc_nru

that cannot be freed. Generally, they will aquire a DVA
as they are witten and migrate onto the arc_nru list.

*
*
*
*
*
* The ARC_|2c_only state is for buffers that are in the second

* |evel ARC but no longer in any of the ARC nt lists. The second
* level ARC itself may also contain buffers that are in any of

* the ARC n¥ states - neaning that a buffer can exist in two

* places. The reason for the ARC |2c_only state is to keep the

* buffer header in the hash table, so that reads that hit the
*/second I evel ARC benefit fromthese fast |ookups.

*

typedef struct arc_state {
list_t arcs_list[ARC_BUFC_NUMIYPES]; /* list of evictable buffers */
uint64_t arcs_| si ze[ ARC_BUFC NUMTYPES] /* anpunt of evictable data */
uint64_t arcs_size; “/* total anpbunt of data in this state */
kmut ex_t arcs_ntx;

} arc_state_t;

__unchanged_| portl on_omtted_

#def i ne BUF_LOCKS 256
typedef struct buf_hash_table {

uint64_t ht _mask;

arc_buf _hdr _t **ht_tabl e;

struct ht_lock *ht_Tocks;

ui nt 64_t ht _num | ocks, ht_| ock_mask;
struct ht_l ock ht_Tocks[ BUF_ L(I:KS]

} buf_hash_table_t;
static buf_hash_table_t buf_hash_table;

#def i ne BUF_HASH | NDEX(spa, dva, birth) \

(buf _hash(spa, dva, birth) & buf_hash_table. ht_nask)
#define BUF_HASH_LOCK_NTRY(i dx) \

(buf _hash_table. ht _| ocks[i dx & buf_hash_tabl e. ht
#defi ne BUF_HASH LOCK_NTRY(i dx) (buf_hash_tabl e ht_I ocks[i dx
#defi ne BUF_HASH LOCK(i dx) (& BUF_HASH_LOCK_NTRY(i dx) . ht
#defi ne HDR_LOCK(hdr) \

( BUF_HASH_LOCK( BUF_HASH_| NDEX( hdr - >b_spa, &hdr->b_dva, hdr->b_birth)))

_lock_mask])
& (BUF_LOCKS-1)])
_lock))

uint64_t zfs_crc64_tabl e[ 256];
/*

* Level 2 ARC
*/

#defi ne L2ARC_WRI TE_SI ZE
#defi ne L2ARC_HEADROOM
/*

* |f we discover during ARC scan any buffers to be conpressed, we boost
* our headroom for the next scanning cycle by this percentage nmultiple.
*/

(8 * 1024 * 1024) /* initial wite max */
2 /* numof wites */

#def i ne L2ARC_HEADROOM BOOST 200

#def i ne L2ARC_FEED SECS 1 /* caching interval secs */
I mi i

#define L2ARC_FEED M N_MS 200 mn caching interval ns */
#define | 2arc_wites_sent ARCSTAT(arcstat _| 2_wites_sent)
#define | 2arc_wites_done ARCSTAT(arcstat _| 2_writes_done)

/* L2ARC Perfornmance Tunabl es */

uint64_t |l2arc_wite_nmax = L2ARC WRI TE_SI ZE; /* default max write size */
uint64_t l2arc_wite_boost = L2ARC WRITE_SIZE; /* extra wite during warnup */
uint64_t | 2arc_headroom = L2ARC_HEADROO\/[ /* nunber of dev wites */

ui nt 64_t | 2arc_headroom boost = L2ARC_HEADROOM BOOST;
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669 ui nt64_t
670 uint64_t
671 bool ean_t
672 bool ean_t
673 bool ean_t

675 /*
676 * L2ARC Internals
677 *
678 typedef struct |2arc_dev {
679 vdev_t *| 2ad_vdev;
680 spa_ t *| 2ad_spa;
681 uint64_t | 2ad_hand;
682 uint 64_t | 2ad_start;
683 ui nt 64_t | 2ad_end;
684 ui nt 64_t | 2ad_evi ct;
685 bool ean_t | 2ad_first;
686 bool ean_t | 2ad_writing;
687 list_t *| 2ad_buflist;
688 list_node_t | 2ad_node;
689 } | 2arc_dev_t;

__unchanged_portion_omtted_
735 static kmutex_t |2arc_feed_thr_|ock;
736 static kcondvar_t |2arc_feed_thr_cv;
737 static uint8_t |2arc_thread_exit;
739 static void | 2arc_read_done(zio_t *zio);
740 static void |2arc_hdr_stat_add(void);
741 static void |2arc_hdr_stat_renmpve(void);
743 static bool ean_t |2arc_conpress_buf (I 2arc_buf_hdr _t
744 static void |2arc_deconpress_zio(zio_t *zio,
745 enum zi o_conpress c);

| 2arc_f eed_secs = L2ARC_FEED_SECS;

| 2ar c_nopr ef et ch ; B_TRUE;
| 2arc_feed_again = B_TRUE;
| 2arc_norw = B_ TRUE

| 2arc_feed_nmin_ms = L2ARC FEED M N_MS;

—~————

—— e —

746 static void |2arc_rel ease_cdat a_buf (arc_buf _hdr _t

748 static inline uint64_t
710 static uint64_t

749 buf _hash(uint64_t spa,

const dva_t *dva,

EE
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arc_buf _hdr_t

interval seconds */

mn interval mlliseconds */
don’t cache prefetch bufs */
turbo warnmup */

no reads during wites */

next wite |ocation */

first addr on device */

| ast addr on device */

| ast addr eviction reached */
first sweep through */
currently witing */

buffer list */

device list node */

*| 2hdr) ;
*hdr

*ab);

uint64_t birth)

crc = (crc >> 8) M zfs_crc64_table[(crc N vdvali]) & OxFF];

750 {
751 uint8_t *vdva = (uint8_t *)dva;
752 uint64_t crc = -1ULL;
753 int i;
755 ASSERT(zfs_crc64_tabl e[ 128] == ZFS_CRC64_PQLY) ;
757 (i =0; i < sizeof (dva_t); i++)
758
760 crc "= (spa>>8) ” birth;
762 return (crc);
763 }
__unchanged_portion_omtted_
872 | *
873 * dobal data structures and functions for the buf knmem cache.
874 */

875 static kmem cache_t
876 static kmem cache_t

*hdr _cache;
*buf _cache;

878 static void
879 buf _fini(void)

880 {
881

int i;
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883 kmem f ree(buf _hash_tabl e. ht _table,

884 (buf _hash_tabl e. ht _mask + 1) * sizeof (void *));

886 for (i = 0; i < buf_hash_table. ht_num]|ocks; i++)

847 for (i = 0; i < BUF_LOCKS; i++)

887 mut ex_dest roy( &uf _hash_table. ht _| ocks[i]. ht_I ock);
888 kmem f ree(buf _hash_tabl e. ht _I ocks, sizeof (struct ht_lock) *
889 buf _hash_t abl e. ht _num | ocks);

890 kmem cache_destroy(hdr_cache);

891 kmem cache_dest roy(buf _cache);

892 }

___unchanged_portion_onitted_

969 static void
970 buf _init(void)

971 {

972 ui nt64_t *ct;

973 ui nt 64_t ht _masklen = 12;

932 uint64_t hsize = 1ULL << 12;

974 int i, s

976 while ((1ULL << (ht_masklen + zfs_arc_ht_base_masklen)) <

977 physmem * PAGESI ZE)

978 ht _maskl en++;

979 ;Juf_hash_t abl e. ht _mask = (1ULL << ht_masklen) - 1;

935 *

936 * The hash table is big enough to fill all of physical nenory
937 * with an average 64K block size. The table wll take up

938 */tot al mentsi zeof (voi d*)/ 64K (eg. 128KB/GB with 8-byte pointers).
939 *

940 whil e (hsize * 65536 < physmem * PAGESI ZE)

941 hsi ze <<= 1;

942 retry:

943 buf _hash_t abl e. ht _mask = hsize - 1;

980 buf _hash_tabl e. ht _table =

981 kmem zal | oc((1ULL << ht_naskl en) * sizeof (void *), KM SLEEP);
983 buf _hash_t abl e. ht _num | ocks = MAX((physmem * PAGESI ZE) >>

984 zfs_arc_ht _| ock_shift, M N_BUF_LOCKS);

985 buf _hash_t abl e. ht _| ock_mask = buf _hash_t abl e. ht _num | ocks - 1;
986 buf _hash_t abl e. ht _l ocks = knem zal | oc(si zeof (struct ht_|lock) *
987 buf _hash_tabl e. ht _num | ocks, KM SLEEP);

988 for (i = 0; i < buf_hash_table.ht_num.| ocks; i++)

989 mut ex_i ni t (&uf _hash_t abl e. ht _| ocks[i]. ht _I ock,

990 NULL, MUTEX_DEFAULT, NULL);

945 knmem zal | oc(hsi ze * sizeof (void*), KM NOSLEEP);

946 if (buf_hash_table.ht_table == NULL) {

947 ASSERT(hsi ze > (1ULL << 8)):

948 hsize >>= 1;

949 goto retry;

991 }

993 hdr _cache = knmem cache_create("arc_buf _hdr_t", sizeof (arc_buf_hdr_t),
994 0, hdr_cons, hdr_dest, hdr_recl, NULL, NULL, 0);

995 buf _cache = knmem cache_create("arc_buf_t", sizeof (arc_buf_t),
996 0, buf_cons, buf_dest, NULL, NULL, NULL, 0);

998 for (i =0; i < 256; i++)

999 for (ct = zfs_crc64_table + i, *ct =i, j =8 j >0; j--)
1000 *ct = (*ct >> 1) N (-(*ct & 1) & ZFS_CRC64_POLY);
961 for (i =0; i < BUF_LOCKS; i++)

962 mut ex_i ni t (&uf _hash_tabl e. ht | ocks[i].ht_I ock,

963 NULL, MJUTEX_DEFAULT, NULL);

964 1

1001 }

____unchanged_portion_onitted_




