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Hitchhiked Locking

» Read and lock the read-write (RW) set in execution
« Avoid subsequent locking and validations
* No lock on the read-only data
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Hitchhiked Locking

» Read and lock the read-write (RW) set in execution
« Avoid subsequent locking and validations
* No lock on the read-only data
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Coalescent Commit

» Commit all replicas together in one round trip
* In-place update: Parallel undo logging in execution phase
* Prevent reading partial updates: Control data visibility
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» Commit all replicas together in one round trip
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Coalescent Commit

» Commit all replicas together in one round trip
* In-place update: Parallel undo logging in execution phase
* Prevent reading partial updates: Control data visibility
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Commit Commit

Backup Primary Commit Release
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Coalescent Commit

» Commit all replicas together in one round trip
* In-place update: Parallel undo logging in execution phase
* Prevent reading partial updates: Control data visibility

Commit Commit background

Backup Primary Commit Release

a0l (/B WRRReEEm
[ gp L] \\/mv\/\/;

BA,’S bz.aCkUpé | | ; : | |[! i visible
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Coalescent Commit

» Commit all replicas together in one round trip
* In-place update: Parallel undo logging in execution phase
* Prevent reading partial updates: Control data visibility

Tx_committed 0or0.5RTT i”]
Commit Commit background
Coordinator Backup Primary Commit Release
A’s primary “\ /¢] Q/ ﬁl / Wﬁ/ﬁ]rﬁ[ W‘?Q/[W[W _________________
Asbackup— 2 RTT C‘;> 1 RTT 10 Invisible.
— > % | L] o vsble
B’s backupi \/ i ’ i \/ 5

Separate Commit Coalescent Commit
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Backup-enabled Read

» Allows backups to serve read-only (RO) data
* In-place update - No address redirection
« Undo logging = No data migration - No CPU involvement in PM pool

[ RDMA requests from coordinators J

Read + Lock RW Read RO
Read Version Read Version
Write back Write back
4 . \ 4 )
Primary < » (| Backups < _»
[[ Undo] [[ Data ] [[ Undo] [[ Data ]
\ J L . j)

Balance load = Improve throughput



Backup-enabled Read

» Allows backups to serve read-only (RO) data
* In-place update - No address redirection
« Undo logging = No data migration - No CPU involvement in PM pool

Tx1 ]Read old
t t 1
[ Tx2 ]|<Before Commit><Commit>< After Commit >

[ RDMA requests from coordinators J

|
|
|
Read + Lock RW Read RO :
Read Version Read Version I
Write back Write back : Read new [ 3 T);l 3
r 2 r N | : : -
Primar A Backups : [ Tx2 ]|<Before Comm|t><Comm|t>< After Comm|t>
y\ v N\ p N\ v N\ I .
I [ Tx1 ] Version
Undo] Data ] Undo] Data ] | — Check
|
. / S 5 | [ Tx2 ]|<Before Commit><Commit>< After Commit >
|

Balance load = Improve throughput Correctness guarantee



Selective Remote Flush

» Only issue remote flushes to backups after the final write
« Guarantee remote persistency
* Ensure recoverability by backups
* Reduce flushing round trips
« Compatible with different flush primitives [*!

1One-sided RDMA FLUSH or READ (READ-after-WRITE)
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Selective Remote Flush

» Only issue remote flushes to backups after the final write
« Guarantee remote persistency
* Ensure recoverability by backups
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Selective Remote Flush

» Only issue remote flushes to backups after the final write
« Guarantee remote persistency
* Ensure recoverability by backups
* Reduce flushing round trips
« Compatible with different flush primitives [*!

----------------------------------------

[ (
CPU | ! i .
[chwb | b
: _ R remote
; [Cachflmes]: flush
Local PM | | Remote PM

..........................................

Smgle Node Remote Node

1One-sided RDMA FLUSH or READ (READ-after-WRITE)



Selective Remote Flush

» Only issue remote flushes to backups after the final write

« Guarantee remote persistency

* Ensure recoverability by backups

* Reduce flushing round trips

« Compatible with different flush primitives [*!

----------------------------------------
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.....................

Single Node Remote Node

1One-sided RDMA FLUSH or READ (READ-after-WRITE)

-

Flush request!1]
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Write ACK
Flush ACK
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Selective Remote Flush

» Only issue remote flushes to backups after the final write

« Guarantee remote persistency
| 4 CPU RNIC RNIC PM
* Ensure recoverability by backups RDMA write | -
» Reduce flushing round trips Flusa/f?qiecslz[ T 5
. . . . . . . [1] rlte / s
Compatible with different flush primitives Flush ACKk 1

Remote flush _

----------------------------------------

Datal Data2 Remote flush
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flush
1 __________________
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.....................
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---------------------
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Selective Remote Flush

» Only issue remote flushes to backups after the final write
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« Guarantee remote persistency
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Txn begin
Read A,B,C
Coordinator Write A=A+C
A’s backup :
B's primary . {MData @ version |
B’s backup I B Lock (3 Unlock I
C’s primary . ILT:;S;blljgm Visible
g;eb_i’?;;s Remote flush

RDMA - N B /




FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Coordinator
A’s primary
A’s backup
B’s primary
B’s backup
C’s primary
C’s backup
One-sided

RDMA

Execution

Txn begin
Read A,B,C
Write A=A+C
Write B=B-C
Txn commit

___________________________

. M Data @ Version |
B lock & Unlock
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© undo log
. [3 Remote flush
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Execution

Coordinator &@ \ J

A’s primary u

A’s backup ,XJ
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|
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B’s primary

L
|
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|

B’s backup

|
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C’s backupE

One-sided Batched CAS + READ

RDMA

Txn begin
Read A,B,C
Write A=A+C
Write B=B-C
Txn commit

___________________________
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Coordinat Execution

oordinator .

s primary X@Y\VI \\ \\Il \\ | \\73
roonmary L L]
B’s primary 80y /
B’s backupé : V
C’s primary
C’s backup :
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Parallel WRITE
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Txn begin
Read A,B,C
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Write B=B-C
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Txn begin
Execution Read A,B,C
Write A=A+C

Coordinator | &@\/\]\ f \ l\ ]\ 73 Write B=B-C
/ |

A:Spl;r:;:;/ o V \ \I \ \ Txn commit

B’s primaryé 0& \I \/ \ lData _____ ) Weem

B’s backup | | ' @ Lock {3 Unlock
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Seria/igation Txn begin
Executior?omt Read A,B,C

Coordinator | . *: i Wr?te A=A+C

s & P | commi
A’s backup : N 1 \
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Coordinator
A’s primary

A’s backup 5
B’s primary
B’s backup
C’s primary :

C’s backupE
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Txn begin
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Write A=A+C
Write B=B-C
Txn commit

___________________________

' M Data @ Version
@ Lock & Unlock
1) Invisible [ Visible |
© undo log '
Remote flush

e e e e e e e e e e e e e



FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs
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point undo ACKs
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Serialization Check all Txn begin
point undo ACKs Read AB,C

Execution \Valldatlon Commit

di ; Write A=A+C
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s rimary — g1 \ / L  Wom @ vewon
B’s backupé . , i \/ : @ Lock & Unlock
s primaryi ’ V | V : -1 0D Invisible [ Visible
| Or read baclc'up . 14 undolog '
C’s backup: . Batched - ! I3 Remote flush
One-sided Batched CAS + READ READ @ CAS+WRITE SN -

RDMA Parallel WRITE . (+ FLUSH) L — !




FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Seria/izattion Ch;c/;\ cg% Tx_committed Txn begin
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Seria/izattion Ch;c/;\ cg% Tx_committed Txn begin
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E
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FORD Transaction

» Put it all together: One-sided RDMA and PM-conscious designs

Seria/izattion Chjd;\ cg% Tx_committed Txn begin
poin undo S Read A,B,C

E
xXecution \Valldatlon Commit I Release Write A=A+C
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More Detalls

Programming Interface
» Indexes in PM Pool
Analysis on ACID and Serializability

P—— Buckia ¢ Buck el [T

[he hash table structure in FStore.
“To enable coordinators to calculate remote addresses for
one-sided RDMA in dixn processing, the connection manager
in PM pool sends the metadata (as listed below) of each hash
table to the compute pool during network interconnections.

* Table[D(8B): Global unique database table id.

* hddr (8B): Virtual start address of this hash wble.

= OEf (BB): Offsct between Addr and MR’s start address.

» ucketium (8B): Bucket number of the hash table

» BucketSize (4B): Size of a bucket (in bytes).

* SlotNum {4B): Number of slots per bucket.

Given the key (e.g.. kD) of a record, if its remote address
is buffered in the local cache, the coordinator directly reads
the record using an RDMA READ. Otherwise, the coordinator
reads a remote record as the following Steps:

§1: Calculate the bucket id:
bucket_id = Hash (K0} mod BucketNum
§2: Calculate the bucket offset in the remote MR:
bucket_off = bucket_id x BucketSize +0Ef
§3: Read the remote bucket (bkt) using bucket_off.
$4: Compare k0 with the S1ot Num keys in bkr. If a key
the record is obtained. Then go 10 §7. Or else go to 85,
§5: If the next field of bki is NULL, there is no such remote
record. Then go to $8. Or else go to S6
S$é: Calculate the next bucket offsct as below and go 10 83
bucket_off = bkt.next — Addr +0ff
Exit if the record is visible. Or else re-read it until visible.
: Exit with a KEY_NOT_EXIST hint

Since the metadata size of a hash table is only 408 and cach
remate address is 8B. the local cache in compute pool can
buffer all these metadata and addresses, as shown in Fig. 15b.
Caching metadata is scalable, because the compute blades do
not need to synchronize their metadata with cach other: 1) The
metadata of index does not change. 2 If the cached addresses
are stale, FORD enables the coordinator to detect this and
update its own cached addresses, as discussed in § 3.2

K.

4.2 Transaction Interfaces
FORD provides a mntime library, called FLib, for applications
o process dixns. Flib exposes the following interfaces:

» TxBegin: Start to exceute a dixn and record its id.

» Rddt: Add an initialized FOb] to the read-only set

* Addri: Add an initislized FOb) to the read-write set.

* TxExecute: The coordinator reads the remote data spec-
ified in read-only and read-write sets, and then exe-
cutes the duxn logic. Our hitchhiked locking and backup-
enabled read schemes are leveraged.

» TxCommit: Alter exccution. the coordinator commits the
updated data to remote primaries and backups using our
coulescent commit and selective remote flush schemes.

DIENT aren) |

sTablelD, ace
rqTablalD, ac

063+ Tau b e b FORY (200 o6
SR+ ahioby - ner

o tax_aba)

(enaang) ¢

roa -= (Fredafinadimount + 11;
Pradef Laadimaunt ;

11
Figure % The example of C++ code using FLib interfaces.

The CEU runtim intne Bwcution, -
waication, sng Commit prazes ] Wait ACK 'Ex:cuhon_r']aw
T ime

T2
T ioTxd Ted H 1
(a)1() T3

Figure 10: The comparisons between () sequential process-
ing, and (h) interleaved processing, in one thread.

‘Our transaction interfaces support general transaction pro-
cessing. Specifically. the developers are not required to know
all the read/write sets at the beginning of each trancaction. In-
stead, developers call AddRO, AddRW, and TxExecute muluple
times when reading/writing data occurs during a transaction.
Fig. ¥ illustrates an example of using our interfaces in the
Write Check transaction of the SmallBank benchmark [50].
nsaction reads the balances from the Savings and

table. It shows that our interfaces are easy-to-use.

4.3 Interleaved Transaction Processing

As shown in Fig. 10a, sequentially processing dixns in
thread wastes the CPU cycles due to waiting for RDMA
ACKs, which significantly decreases the throughput. To avoid
CPU idling in the compute pool, FORD leverages an inter-
leaved processing scheme that enables multiple coordinators
in one thread to process different dixns in pipeline, as pre-
sented in Fig. 10h. In this way, the network RTTs are cffi-
ciently hided and the CPU cores in the compute pool are
fulled wtilized to improve the throughput.

We use coroutines 29, 60] to implement the interleaved
processing. Each CPU thread generates several coroutines and
each coroutine acts as a coordinator to cxecute dixns. After
issuing the RDMA requests, a coroutine yields its CPU core
1o anather coroutine to process the next dixn. A dedicated
coroutine in each thread polls ROMA ACKSs. If all ACKs of a
coroutine arrived. FORD schedules this coroutine to occupy
the CPU core to resume exceution. The results in Fig. 1¢
show that using a proper number of coroutines improves the
throughput without heavily increasing the latency.
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Evaluation

» Benchmarks

* KV store
« 8B key + 40B value
« Skewed (8 = 0.99) + Uniform

Compute pool
Intel Xeon Gold 6230R

o -y,

* TATP RDMA Switch
 RO/RW: 80%/20%, 48B 100Gbps SB7890

° Sma”Bank ConnectX-5 RNIC &)nnECtX-S RNIC
- RO/RW: 15%/85%, 16B TN T \

. TPCC |
« RO/RW: 8%/92%, 672B {
» Comparisonsl!t
- FaARM@SOSP’15

—— R R R R M M M R Em e M M M R e M M M G R M M e e e e e e e e e

PM pool
Each contains six 128GB Intel Optane PM

Testbed

. DITM+H@OSDI'18

I Protocols are re-implemented using one-sided RDMA
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End-to-End Performance

» 112 coordinators
» Efficient round trip reduction and backup utilization

Throughput (K txn/sec) 50th latency (us) 99th latency (us)
3 3x 500 T—— 8000

_ ]
I 400 - 6000 -

30 A

20 A

300 - N

>0 %@ 243700

100 - _
0

2

10 A

FaRM DrTMH{ FORD

FaRM DrTMH{ FORD

TPCC results
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Read backup

» KV store, 1 backup

M txn/sec
12 12
[ Disable read backups 1.5 @ Disable read backups 1 4x
g | ® Enable read backups g - B Enable read backups
4 - 4 -
0 ; 0 ;

25:75 50:50 75:25 955 100:0 25:75 50:50 75:25 95:5 100:0
Read:Write ratio Read:Write ratio
Skewed access Uniform access
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Remote flush

» KV store, 1 coordinator

us ©50th-Full Flush{@50th-Select Flush#:99th-Full Flush{499th-Select Flush

200 200 ,
160 i N 160 - 99th 1 k
120 - 120 - A4 “%‘z’
30 - 30 - ‘ ~ o<

40 ‘ 40 ‘
. € 50th 22.5%, | 50th 22.8%,
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Number of accessed data per txn Number of accessed data per txn

Skewed access Uniform access
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Conclusion
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