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Bluespec-3
The IP Lookup Problem

Arvind
Laboratory for Computer Science
M.L.T.

Lecture 19
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The IP lookup problem

* An IP lookup table contains IP prefixes
and associated data

 The problem: given an IP address, return
the data associated with the longest
prefix match ("LPM")

Example IP address Result Example
Table 7.13.7.3 F |lookups
10.7.12.15 F
10.18.201.5 F
7.14.7.2
5.13.7.2
8.0.0.0
10.18.200.7
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10

Sparse tree representation
255

IP address Result | M Ref 18

7.13.7.3 F 2

10.18.201.5 F 3 200

7.14.7.2 A >
E
C

5.13.7.2

10.18.200.7
| buodiscsalceminediyl) Habe
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Table representation issues

» LPM is used for CIDR (Classless Inter-
Domain Routing)

* Number of memory accesses for an LPM?
— Too many =» difficult to do LPMs at line rate

* Table size?

— Too big = bigger SRAM = more latency, cost, power
* Control-plane issues:

— incremental table update

— size, speed of table maintenance software
* In this lecture (so code will fit on slides!):

— Level 1: 16 bits, Levels 2 and 3: 8 bits
— So: from 1 to 3 memory accesses for an LPM

(R ZTnsy csg oS it edul 827 o
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Outline

« Example: IP Lookup v

* Three solutions [
— Statically scheduled memory pipeline

— Straight pipeline with uncoordinated memory
references

— Circular pipeline for 100% memory utilization

* Modeling RAMs

— Synchronous vs. Asynchonous view
— Port replicator

* Bluespec coding for straight pipeline
» Bluespec coding for circular pipeline
* Phase 1 compilation

L19-6
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Static scheduling solution

* Assume the SRAM containing the table
has latency of n cycles, lay out a pipeline
so that the memory accesses are
precisely scheduled

0000000 000OC00COGOOOGOOOO

e |ssues:

— Since an LPM may take 1-3 mem accesses, unused
slots may be left idle

— May have to replan the pipeline for a different
latency memory

— Very difficult to plan if memory is also to be used
for some unrelated task.

[Ritp/frvw.csg.cs. mitedul6.627] j“ﬁ‘



http://web.mit.edu/6.827
http://web.mit.edu/6.827

LPM: Straight Pipeline Solution

L19-7
Arvind

ROM

IP Address Table

start

lookup T

fifoO fifo2

ofifo

IP addr Lookup Result
18.100.32.127 (Egress port, ...)

|nttp://www.csg.lcs.mit.edu/6.827|
1198
Arvind
Circular pipeline solution
getToken - luResp
Completion [—*
> P
getTokenAck buffer luRespAck
done
luReq
Ciove 33— M- Rearg 311
buf
Lnttp:/awww csg lcs mit edi/6 827] ﬁﬁy
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Outline
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« Example: IP Lookup v

e Three solutions V
— Statically scheduled memory pipeline

— Straight pipeline with uncoordinated memory
references

— Circular pipeline for 100% memory utilization

* Modeling RAMs []

— Synchronous vs. Asynchonous view
— Port replicator

* Bluespec coding for straight pipeline

* Bluespec coding for circular pipeline
* Phase 1 compilation

[ . ]

RAMSs

L19-10
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* Basic memory components are "synchronous":
— Present an read-address A, on clock J
— Data D; arrives on clock J+N

— If you don't "catch” D, on clock J+N, it may be lost, i.e., data
D,,, may arrive on clock J+1+N

Clock —

Synch Mem,
Addr Latency N Data

* This kind of synchronicity can pervade the
design and cause complications

Ihttp://www.csa.lcs.mit.edu/6.827]
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Asynchronous RAMs

It's easier to work with an "asynchronous" block:

ctr > 0 ctr++
Ready +7( ) ctr < deq T Ack
» Data
ctr-- Ready

Synch Mem

Addr[ Latency N :>:|]H| [fl> Data

L19-12
Arvind

RAMS: Synchronous vs Asynchronous

* The asynch mem has interface:

i nterface AsyncROM addr data =

read ;. addr -> Action
result :: data
ack ;. Action

* A synch mem can be converted into an
asynch mem with a Bluespec function:

syncToAsync :: SyncROM | at addr data ->
AsyncROM addr data
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A common subproblem: port replicator

QD E e.g., SRAM, IP lookup
X

 Given a base module s.t.:

— It generates response y to a particular request
x after some number of cycles

— It can accept requests and produce responses
on every cycle
* Construct a mechanism so that multiple
client modules can utilize the base
module with full utilization

T 7] oyl

L19-14
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A general port replicator

base module QD _ /D)

replicator XT yY

forward x, Ao, %R Gihen tag matches:
enqtag )& . 5 forward y, deq tag

shared
tag FIFO RLE SRS

/ \ A
XT *y XT y

— —
Client 1 Client 2 R
[ .G T L5 227] 1l
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Port replicator code
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nk3ROVports :: AsyncROM Adr Dta ->
Modul e (AsyncROM
AsyncROM
AsyncROM
nk3ROWports rom =
nodul e v
tags :: FIFO Tag <- nkSi zedFl FO
| et nkPort Tag -> Modul e (AsyncROM
nmkPort i =
modul e

nkPort 0
portl <- nmkPort 1
port2 <- nkPort 2
interface (port0, portl, port2)

port0 <-

Lnttp-/Awwn csg les mit ed/6 8271

Adr
Adr
Adr

Port replicator code cont.

L19-16
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nkPor t
nkPor t

Tag -> Mdul e (AsyncROM

nmodul e
out
rul es

when tags.first
==> action tags.deq
rom ack
out . enq

FIFO Dta <- nkSizedFl FO

romresult

interface
read a = romread a

tags.enq i

out.first

out . deq

action

resul t
ack

Adr Dta)

Can one port’s activity block another port’s activity?

|http://www.csg.Ics.mit.edu/6.827 |
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A general port replicator fixed
base module QD D
replicator XT 24
forward x, JFr - e- ".‘- A T (e e,
enq tag .. S forward y, deq tag
--‘ ......... # ]]]]}""'::,.
shared T
tag FlFO ........ .>
cnt--
t-- deq
cnt > 0 Acntf deq m cnt++
readinT ¢y Jack readyLXT ¢y ack
%(_/ %/_/
Client 1 Client 2 S
| N0, /AWWW.CSULICS ITIT.EUU/0.04 4 " 1. I'
L19-18
Arvind

Port replicator code fixed

nkPort :: Tag -> Mdul e (AsyncROM Adr Dta)
nkPort i =
nmodul e
out :: FIFO Dta <- nkSizedFl FO
cnt :: Counter (log ( )) <- nkCounter
rul es

when tags.first ==
==> action tags.deq
rom ack
out.enqg romresult

interface

read a = action romread a

tags.enq i

cnt . down

when cnt.value > 0

result = out.first
ack = action out.deq

cnt.up

| bttp:/Avww.csa.lcs. mit.edu/6.827 | #‘;“'
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Some observations

» Port replicator can be easily generalized
to n ports
* Port rules conflict with each other but

serializable semantics preserves
correctness

L19-20
Arvind

Outline

* Example: IP Lookup V

e Three solutions v
— Statically scheduled memory pipeline

— Straight pipeline with uncoordinated memory
references

— Circular pipeline for 100% memory utilization

¢ Modeling RAMs V

— Synchronous vs. Asynchonous view
— Port replicator

* Bluespec coding for straight pipeline []
» Bluespec coding for circular pipeline
* Phase 1 compilation

|http://www.csg.Ics.mit.edu/6.827 | ﬁﬁ"
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Bluespec code: Straight pipeline i

data Md = Lookup | Paddr | Done LuResult

nkLPM :: AsyncROM lat LuAddr LuData -> Mdule LPM
nkLPM rom =
nodul e
(ronD, roml, ronR) <- nk3ROWports rom

fifoO0 :: FIFOMd <- nkFlI FO
fifol :: FIFOMd <- nkFlI FO
fifo2 :: FIFOMd <- nkFl FO
ofifo :: FIFO LuResult <- nkFlIFO
rul es

... for Stages 1, 2 and Completion ...

interface
-- Stage O
luReq ipa = action ronD.read (zeroExtend ipa[31:16])
fifo0.enqg (Lookup (ipa << 16))
| uResp = ofifo.first
| uRespAck = ofifo.deq £5
' s

L19-22
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Straight pipeline cont.

data M d = Lookup | Paddr | Done LuResult
nkLPM rom =
nmodul e
... stateisronD, roml, ron®, fifo0O, fifol, fifo2, ofifo
rul es
-- Stage 1. |ookup, |eaf

when Lookup ipa <- fifoO.first,
Leaf res <- ronD.result
==> action fifo0.deq
ronD. ack
fifol.enqg (Done res)

-- Stage 1: | ookup, node
when Lookup ipa <- fifoO.first,
Node res <- ronD.result
==> action fifo0.deq
ronD. ack
roml. read (addr+(zeroExt ipa[31:24]))
fifol.enqg (Lookup (ipa << 8))

interface

11
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Outline

« Example: IP Lookup v

e Three solutions V
— Statically scheduled memory pipeline

— Straight pipeline with uncoordinated memory
references

— Circular pipeline for 100% memory utilization

* Modeling RAMs V

— Synchronous vs. Asynchonous view
— Port replicator

» Bluespec coding for straight pipeline v
» Bluespec coding for circular pipeline []
* Phase 1 compilation

| http://www.csg.lcs.mit.edu/6.827] ﬁ:h
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Bluespec code: Circular pipeline

Iug’{Req \Lﬁ—zltf hwgetmken leaf Complete done
]]mi{1

ops buf

nkLPMWK :: AsyncROM LuAddr LuData -> Mdul e LPM
mkLPMK rom =
nmodul e
cbh :: CBuffer NStage LuResult <- nkCBuffer
tf :: FIFO (CBToken NStage, |Paddr) <- nkFlIFO
ops :: FIFO (CBToken NStage, |Paddr) <- nkSizedFl FO ( )

buf :: FIFO ((CBToken NStage, |Paddr), LuAddr)
<- nkSi zedFlI FO (NStage+1)
rul es
... rules for Entering, Completion, Recirculation & Movement...
interface
luReq ipa = action tf.enqg (cb. get Token, ipa)
ch. get TokenAck

| uResp = cb. get
| uRespAck = cb. ack ’af
|_http://www.csg.lcs.mit.edu/6.827 ﬁ W
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Circular pipeline rules

tTok
luReq y tf getioken luResp
— Ml <Eneery

“Enter”:
when (tok, ipa) <- tf.first
==> action

tf.deq

romread (zeroExt ipa[31:16])

ops.enqg (tok, ipa << 16)

Ea

[nttp/iwww.csglcs. mit.edu/6.827] =
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Circular pipeline rules continued

tTok
luReq ¢ tf getioken luResp
Syl ey

“Conpl ete”:
when (Leaf res) <- romresult
(tok, ipa) <- ops.first
==> action
rom ack
ops. deq
ch. done tok.res

“Recircul ate”:
when (Node addr) <- romresult,
(tok, ipa) <- ops.first

==> action
rom ack
ops. deq
buf.enqg ((tok, ipa << 8),
addr +(zer oExt i pa[ 31:24]) )
(i R 7] b

13
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Circular pipeline rules continued-2
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luReq ! tf getToken

“Move”:
when (tokipa, addr) <- buf.first
==> action
buf . deq
romread addr
ops. enq toki pa
“Enter”: notice the
when (tok, ipa) <- tf.first conflicts!
==> action
tf.deq
romread (zeroExt ipa[31:16])
ops.enqg (tok, ipa << 16)
L19-28
Arvind
Some observations
* Timing Closure
— Insert more pipeline stages (i.e. FIFO buffers)!
» Circular pipeline solution trivially extends
to IPv6

14
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« Example: IP Lookup v

e Three solutions V
— Statically scheduled memory pipeline

— Straight pipeline with uncoordinated memory
references

— Circular pipeline for 100% memory utilization

* Modeling RAMs V

— Synchronous vs. Asynchonous view
— Port replicator

» Bluespec coding for straight pipeline v
« Bluespec coding for circular pipeline v
* Phase 1 compilation [

. - |

LPM code structure

L19-30
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nkLPM rom =
nmodul e
(ronD, roml, ronR) <- nk3ROVports rom
fifo0 <- nkFl FO
fifol <- nkFlI FO

fifo2 <- nkFl FO
ofifo <- nkFI FO Free variables of the rule ‘

rul es ‘/Y/K
Rul eSt agellLeaf (fifo0, fitol, ro

Rul eSt agelNode(fifo0O, fifol, ronD, ronil)
Rul eSt age2Noop(fifol, fifo2)
Rul eSt age2Leaf (fifol, fifo2, roml)
Rul eSt age2Node(fifol, fifo2, roml, ronR)
Rul eConpl et i onNoop(fifo2, ofifo)
Rul eConpl eti onLeaf (fifo2, ofifo, ronR)
Rul eConpl eti onNode(fifo2, ofifo, ronR)
interface
|l uReq = El uReq(fifo0, ronD)
| uResp = El uResp(ofifo)

WEE&W El uRespAck(of i f o)

15
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Port replicator code structure

nk3ROMports rom =

nodul e
tags <- nkSi zedFl FO
| et
nkPort | =

nodul e
out <- nkSi zedFl FO

cnt <- nkCounter
rul es
Rul eTags([i] rom tags, out)
interface
read = Eread(i] rom tags, cnt)
result = Eresul t(out)
ack = Eack(out, cnt)

porto <- substitute

portl <- nkPort 1
port2 <- mkPort 2

interface (port0O, portl, port2) x
| http://www.csg.lcs.mit.edu/6.827 | &
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Port replicator — after step 1
nk3ROVports rom =
nodul e
tags <- nkSi zedFl FO
port0 <-
nodul e
Step 2: out <- nkSizedFl FO
Flatten cnt <- nkCounter
the rul es
module . Rul eTags(0, rom tags, out)
interface
read = Eread(0, rom tags, cnt)
result = Eresul t(out)
ack = Eack(out, cnt)
portl <- ...similarly...
port2 <- ..similarly...
interface (port0O, portl, port2)

16
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Port replicator — after step 2
nk3ROMports rom =
nodul e
tags <- nkSi zedFl FO
out 0 <- nkSi zedFl FO
cnt 0 <- nkCounter
rul es
Rul eTags(0, rom tags, outO0)
let portO = interface
read = Eread(0, rom tags, cntO)
result = Eresult(out0)
ack = Eack(out0O, cnt0)
portl <- _..similarly...
port2 <- ..similarly...
interface (port0O, portl, port2)
[httpZiwww.csq.lcs mit.edu/6.827] i
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Port replicator — final step
nk3ROVports rom =
nmodul e
tags <- nkSi zedFl FO
out0 <- nkSizedFIFO; c¢cnt0 <- nkCounter
outl <- nkSizedFIFO ; cntl <- nkCounter
out2 <- nkSizedFIFO ; c¢nt2 <- nkCounter
rul es
Rul eTags(0, rom tags, outO)
Rul eTags(1, rom tags, outl)
Rul eTags(2, rom tags, out?2)
let portO = interface
read = Eread(0, rom tags, cntO0)
Next step: result = Eresult(out0)
substitute ack = Eack(out0, cntO0)
mk3ROMports portl = interface
into mkLPM read = Eread(1, rom tags, cntl)
port2 = interface ...
interface (port0O, portl, port2) Py
[REp/www.csq.Ics mitedu6.827 | f‘?‘
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Port replicator call

’ (ronD, roml, ronR) <- nk3ROMVports rom

tags <- nkSi zedFl FO
out0 <- nkSizedFIFO; c¢cnt0 <- nkCounter
outl <- nkSizedFIFO ; c¢ntl <- nkCounter
out2 <- nkSizedFIFO ; c¢nt2 <- nkCounter
rul es

Rul eTags(0, rom tags, outO0)

Rul eTags(1, rom tags, outl)

Rul eTags(2, rom tags, out?2)

let port0 = interface
read = Eread(0, rom tags, cntO0)
substitutue result = Eresult(out0)
for ports ack = Eack(out0O, cntO0)
next portl = interface ...
port2 = interface ...
(ronD, roml, ronR) = (port0O, portl, port?2)
| http:/Awww.csg.lcs.mit.edu/6.827 | ﬁff"
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After Port replicator call
sushbtitution
(ronD, roml, ronR) <- nk3ROWports rom
tags <- nkSi zedFl FO
out0 <- nkSizedFIFO ; c¢nt0 <- nkCounter
outl <- nkSizedFIFO ; c¢ntl <- nkCounter
out2 <- nkSizedFIFO ; c¢nt2 <- nkCounter
rul es
Rul eTags(0, rom tags, outO)
Rul eTags(1, rom tags, outl)
Rul eTags(2, rom tags, out?2)
let romD = interface
read = Eread(0, rom tags, cnt0)
result = Eresult(out0)
ack = Eack(out0O, cntO0)
roml = interface ...
ron2 = interface ...

18
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LPM code after flattening
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nkLPM rom =
nmodul e
tags <- nkSi zedFl FG
out 0 <- nkSi zedFI FO, c¢cnt0 <- nkCounter;
outl <- nkSizedFI FO, cntl <- nkCounter;
out2 <- nkSizedFI FO, c¢cnt2 <- nkCounter;
fifo0 <- nkFIFO fifol <- nkFIFQ fifo2 <- nkFl FQ
ofi fo <- nkFl FQ

rul es
Rul eTags(0, rom tags, out0)...
let romD = interface
read = Eread(0, rom tags, cnt0)
result = Eresult(out0)
ack = Eack(out0O, cnt0)
roml = interface ... ; ronR = interface ...
Rul eSt agellLeaf (fifo0O, fifol, ronD)...
interface

|l uReq = El uReq(fifo0, ronD)
| uResp = El uResp(ofifo)
iRasolfolk-+ El uRespAck(ofifo)

19
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