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Big Picture of Compiler
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front end middle back end

infrastructure — symbol tables/ trees/ graphs/ etc

Front End: produces an intermediate representation (IR)

Middle end: transforms the IR into an equivalent IR that runs more efficiently
Back end: transforms the IR into native code

LIR: encodes the compiler’s knowledge of the program Middle end usually consists of several passes



Compiler Backend

WlInstruction Selection: map IR into assembly code

v

® Assume known storage layout and code shape _l . .
.| instruction II

@ i.e., the optimization phases have already done their thing selector
® Combine low-level IR operations into machine instructions T

@ Take advantage of addressing modes, etc.

. . . . C . : : register |
Uinstruction Scheduling: reorder instructions to minimize execution time allocator TempMaj’

@ hide latencies: processor function units, memory/cache stalls i
@ Originally invented for supercomputers (1960s) W instruction @
@ Required to get reasonable (or correct!) code on classic RISC architectures scheduler

@ Still important on most machines
@ Even non-RISC machines, e.g., the x86 family

@ Even if the processor reorders on the fly ((MEESEREFIEI TS AT LAZISARIE SHITIFE LRSI TER)
® Good schedules help processors do a better job
Register Allocation: map values to actual registers
® Add code to spill values to temporaries in memory and reload as needed, etc.
® Usually worth doing another scheduling pass afterwards if spill code is inserted



Conventional Wisdom

Backend problems are almost NP-Complete in theory, including

@ Instruction selection, Instruction scheduling, and Register allocation T‘

@ Frontend and Middle-end algorithms are usually fast:
@® Scanner & Parser: 0(n)
@ Analysis & Optimization: O(nlogn)

dWe typically lose little by solving these independently
@ But not always, of course
@ Iterating phases on x86-64 can help because of limited registers; use of memory operands
@ Instruction selection
@ Use some form of pattern matching
@ oo virtual registers, create as needed
@ Instruction scheduling
@ Within a block, list scheduling is close to optimal
@ Across blocks: extended basic blocks or trace scheduling if list scheduling not good enough
@ Register allocation
@ Start with unlimited virtual registers and map to some subset of K real registers

instruction II
selector
register -

allocator TempMap
v
instruction N
scheduler | Assem Ii

v



Instruction Selection

UTranslate low-level IR to assembly instructions on the target machine

Straightforward solution (sometimes called Macro-expansion):
@ Translate each low-level IR instruction to a sequence of machine instructions

@ Example: a[i+1] = b[j] IR code:
Address of b[j]: muli to, s2, 4 { tl = j*4
| add t1, t0, s4 t2 = b+tl
Load value b[j]: d t2, 0(t1) t3 = *t2
addi t3, s1, 1 _ .
Address of a[i+1]: nuli £3. 3. 4 td = 1+l
’ ’ - — .
add t4, t3, s3 122 i
Store into a[i+1]: sd t2, 0(t4) t6 = a+th
*t6 = t3

@ Often introducing Machine IR (MIR) before emitting the assembly code



Machine IR (MIR)

) p [Lattner et al.]

dMachine IR: C++ "’)) "
OIS SIEMERFT Y. FIEFRHISRISS b hiaE R P P
O #B{FE: BEEBMRCPURNES (Iw/add/slliiXZE RISC-V 58S & M [ ® 7=
oBMEN: THARENSESR, FESTEIRBRINESEE /mmmﬂ
o A RN E SHIHMRAERT, N TIRMICHRABZE e P
@ LLvM EEIUMachinelnstr #scala [ Analsis |

—

OMIRFERE (MIR.ml) : £ E5IR—E
type block = { insns : insn list; term : terminator }
type cfg = block % (1bl * block) list
type fndef = { name : gid; param : vreg list; «cfg : cfg; }
type data = ZeroBytes of int | Byte of int | Word of int64 | Address of gid
type gvdef = { size : int; align : int; init : data list; const : bool }
type program = { gvdefs : (gid * gvdef) list; fndefs : (gid * fndef) list }

o 5fFRn: UEId=Z32NEMNEFFER, 0-31RISC-VAMIESH 78

type vreg = VReg of int type preg = X of int type reg = R of int

ARM:

MIPS
(intel’)

SPARC

PowerPe

~—



Machine IR (MIR)

OMIRER: 1IES5RISC-VILRIESHA F—35%

type insn = Add of reg * reg x reg | Sub of reg x reg * reg | Mul of reg * reg * reg

| Div of reg *x reg * reg | Rem of reg * reg * reg | And of reg * reg * reg

| Or of reg * reg * reg | SLL of reg * reg * reg | Sra of reg x reg x reg

| Xor of reg * reg x reg | St of reg x reg * reg | Addi of reg * reg x int64

| Andi of reg * reg x int64 | Ori of reg * reg * int64 | Xori of reg *x reg x int64
| SUli of reg x reg x int64 | Srli of reg * reg x int64 | Srai of reg * reg *x int64
|
|
|
|

Seqz of reg * reg | Li of reg * int64 | Mv of reg * reg | La of reg x gid

Ld of reg * address | Lb of reg * address | Sd of address * reg | Sb of address * reg
Call of gid (x direct call; args already placed in a@-a7 x)

Jalr of reg (% indirect call (dispatch); target in reg )

M |/ yAu )= A A it dd = St k f int |
© HBELIESWRA LTS Riasberiadisandiiuity
IR0 R
type cmpop = Eq | Ne | Lt | Gt | Le | Ge S/ _FRSslotIE
type terminator = Ret | Br of lbl | Cbr of reg x lbl * lbl FOEX E A (RS

| CmpBr of cmpop * reg * reg x lbl x lbl



Instruction Selection (Straightforward solution)

QIREEAL IMIR (lowering, see MIRGen.ml)

¢ £FEZENIMREFEIE

@ RRES L AMIRFELEFee
o SEUIREALITEM0-a7ESYNESFREN, BFlREIRSRE RGN S
e?ﬁ@ib@?%ﬁ BHS OISR -

@ RIESEL AMIRIES . MIRIESEBESTFEI% N, BitE 780 He
elRéSéEﬁi’éjJMlR} %Jﬁé%é%

QIRAYEUNAIRRETEIMIR?
@ IREJUIDBLETZEIMIRAYZS1FES: e.g, Store (164, Id “a”, Id “ap”) => Sd %v4, 0(%v3)
o VR B ESEREN A BERL:

@ IREES =>1i %v2, 5
@ REFTE@g =>la %v3, @g

QIRIES U ALMIR?
@ BAIESHIMRILFE—RINL, ST RNEOEERIITGR I RIS

O LY BUES SRR /RME: Icmp (Eq, 164, Id “a”, Id “b”) => xor %v1, %lhs, %rhs ; seqz result, %v1



Instruction Selection (Straightforward solution)

DIRTE@QD{E_IQEEMIR (MIRGen.ml) ? ot Tower non state (dst_aid, Insn) <7 7TTTTTTTTTTIIIIIIII
@ Lower Alloca$igs: (SEFRABIESIISF) | VBinon top, apn_ty, s, rhs)
@ Alloca (ty, cnt) => %v1 = elem_size of ty; %v2 = Mul cnt * %v1; sp = sp - %Vv2; mv %dst, sp | ICnp (cmpop, opn_ty, lhs, rhs) —
|| hiloes Tetonent oy, counth o T SN T 10 i
o RIEIESSBUHITINERSTFHE, 164(EFId/sd, 18FHlb/sh | 1] lower-stioca state tast §
o 11FISEBEIRIEUEEESFRNNIE . A aEB i, IHERIFNEIMREEITSIENX | tower loa state (dst_uid, value_ty, address) i
® CastZ8BYEEHE . Cast (cop, s_ty*opn, d_ty) I ey ey i
N = P S |
o TRIBAEHEFNSEAERBRN BT, ¥ RANII—(IRIE | Cost (castidnd, (sourcety, value), targetty) =
© REERES : | | et ore ok ot o s, ctie,arg) i
o HFBHIREIEISFEE: mv %arg_reg, %arg TR |
o HIBERIER: jalr %tgt_reg
e E8IRMEIE, %dst_uid=a0
® LowerZ |[F{ES:
@ Ret (ty, opn): mv a0, %opn_value; ret
@ BriCbr 3 BIBRESZIMIRAI TS 8 52142
@ CmpBrig<: XM IR HFESEEEIRESHY ICmp + Cbr, EXRICmpR#(FEALR, BEMECbrER

lower_binop state (dst_uid, op, opn_ty, lhs, rhs)
S A .
@ Lower Load/Storef§<>: Load (ty, opn) , Store (ty, opn, addr)
lower_alloca state (dst_uid, element_ty, count)
lower_store state (value_ty, value, address)
® SExt (FFSH &) , zExt (FF ) , Trunc (EkH)
lower_cast state (dst_uid, cast_kind, source_ty, value, target_ty)
@ Global "callee”=> call @callee , Z&{f1Fauipc ra, %pcrel_hi(callee) ; jalr ra, %pcrel_lo(callee)(ra)
@ Ret None: li a0, 0; ret
BAC. D —>
® Gepj:ElV . ﬁgl—l—%Offset insn ::= .. | getelementptr t* %val, tl idxl, t2 idx2

J oo



Instruction Selection

dProblems of Straightforward solution
@ A straightforward translation is inefficient

@ Prefer to use cheap instructions:
@ addi vs add; muli vs slli; ...

@ Low-level IR instructions matched by machine instructions may not be adjacent (EZl§ S1kEFEESE)
® Example: 1d t2, 0(t1) and sd t2, 0(t4), x86ZF&LKH oI B (FHAmovem t2, t4

IR code: IR code:

Address of b[j]: muli t0, s2, 4 _»_I: tl = j*4 Address of b[j]: slli to, s2, 2 _»_[ tl = j*4
add t1, to, s4 t2 = b+tl add t1, to, s4 t2 = b+tl

Load value b[j]:  1d t2, 0(t1) £3 = *t2 C—> Loadvalueb[il: 1d t2, 0(t1) £3 = *£2
Address of a[i+1]: addi t3, si, 1 t4d = i+l Address of a[i+1]: addi t3, si1, 1 td = i+l
muli t3, t3, 4 —»{ t5 = t4x*4 slli t3, t3, 2 —s t5 = t4x*4

add t4, t3, s3 t6 = a+th add t4, t3, s3 t6 = a+th

Store into a[i+1]: sd t2, 0(t4) *t6 = t3 Store into a[i+1]: sd t2, 0(t4) *t6 = t3

A straightforward solution A better solution

QHEHANSSEERL: RHRE, RET

10




Tree-IR-based Instruction Selection

Winstruction selectors often use pattern-matching on IR trees

Tree Representation (Tree IR)

11

@ Transform the IR code in a Basic Block to the Tree IR
@ Example: a[i+1] = b|j]

@ Each machine instruction can be specified as an IR tree fragment (pattern)
@ Code in each basic block is converted into an IR tree
® Need to cover the IR tree with non-overlapping tree patterns

IR code:
tl = j*4
t2 = b+tl
t3 = *t2
t4d = i+l
th = t4x4
t6 = at+th
*t6 = t3

ali+1] = b[j] /Store\
+ load
7\ |
/*\ /+\
+ b *
7 \ /7 N\



Instruction Tree Patterns

U Examples:

@1)3(aStack k: 5 EIFEXSFItsET fp bTFE
MiREE k BT E

/ MEM
+

MEM |
+ /\
| MEM *
e k CONST
TEMP fp CONST k |
W

O IAENETTE elkl, HPENTTHRAR
w MEENE

12

Name Effect Trees
_ ¥ TEMP
l
+
ADD rio ritrg
7N
MUL v rj Xrg /\
SUB vioorj Tk :
yd /\
DIV i o rilg PN
+ + CONST
ADDI o rjtc /ES cos/\
NST NST
SUBI rpor; ¢ PN
CONST
MEM MEM MEM  MEM
| | | |
LOAD ri Mlrj+c] ) S CONST
CONST  CONST
MOVE MOVE MOVE MOVE
MEM MEM MEM MEM
STORE M[}"j+C] r; | I | I
+ + CONST
CONST CONST
MOVE
MOVEM M ;] MTr] ME{ }EM




Tree Pattern Matching

A tiling for a[i]:=x

UA tiling is a set of <node,op> pairs,
@®op can implement the subtree at node
@ Every node is covered
@ Any two tiles overlap at most one node

13

Name Effect Trees
_ P TEMP
l
+
ADD riooritrg
7N
MUL Vi rj Xrg /\
SUB & rj rg ]
y /\
DIV ri  rifg PN
+ + CONST
ADDI rp rjtc /}S cos/\
NST NST
SUBI rir; ¢ PN
CONST
MEM MEM MEM MEM
| | | |
LOAD 7 M ri +c] + + CONST
! J PN PN
CONST  CONST
MOVE MOVE MOVE MOVE
MEM MEM MEM MEM
STORE Mlri+cl r; I I I I
+ + CONST
CONST CONST
MOVE
MOVEM M ;] MIr] ME{ }EM




Code Generating

UGiven a tiled tree, generate code: Name  Effect Trees
_ . TEMP
@ Postorder tree traversal with node-dependent child order. ; T
. ADD v rpt+rg /\
GChl!d order.depends on the node oL e A
@ Emit each tile’s code sequence in order SUB . PN
@ Use the same register to connect tie boundaries DIV roorikg PN
+ + CONST
ADDI rooritc PN N
CONST CONST
2. LOAD r1 <- M[fp+aof] -
4. ADDI 12 <-4 + 10 BLoon e “ et
MEM MEM MEM MEM
5. MULR2 <-1r2*rn o : l l COII\IST [
LOAD 7 ri+c
6.ADD rl <- rl + r2 ’ N\ PR
CONST CONST
8. LOAD r2 <- M f +Xof MOVE MOVE MOVE MOVE
izl SN N N N
9. STORE M[r1+0] <- r2 MEM MEM MEM MEM
STORE M[Vj‘l'C] ri | | | |
+ + CONST
RN A
CONST CONST
MOVE
MOVEM  M[r;] M) M]IE{ h;:M




Tiling choices

store rb, ra movex rj, rb, ra

Uin general, for any given tree, many tilings are possible

@ each resulting in a different instruction sequence
@®E.g., “ali+1] = b[j]” in x86

store
. e load
dWhat is the best tiling? g
@ Fastest, Smallest, or Minimize power consumption, ... 'i a

JWe want the “lowest cost” tiling
@ Usually, the shortest sequence

@ but can also take into account the cost/delay of each instruction

Locally Optimal tiling: no two adjacent tiles can be combined into one tile of lower cost
@ Maximal munch algorithm (a simple greedy algorithm)
@ Top-down tree walk and find the largest tile that fits each node
JOptimum tiling: lowest-cost tiling
® Dynamic programming algorithm (TOPLAS’1989)

@ Assign costs to each node in the tree, where cost = cost of individual node + subtree costs
@ Try all possible combinations bottom-up and pick the cheapest

|
+

15



Locally Optimal tiling: Maximal munch Algorithm

ldea: choose the largest pattern with the lowest cost

@ fiic ik LEEEl R AKRIpattern, SAMEEN & {1 &/ A9

@ start from the root, then repeat for each subtree

® Works well for current instruction-set architectures

iList<Pattern> tiles;
' Temp munchExpr (Tree.Exp e) {

foreach (p : tiles)

// wildcard(pattern, e) returns the list of
// subexpressions of e matched to wildcards
foreach (e_i : wildcard (pattern, e))

emit INS using temp_i as arguments
putting result into new temp_O

return temp_O

__________________________________________________________________________

// tiles ordered from largest to smallest cost !

if (matches(p, e)) { pattern = p; break; }

recursively invoke temp_i = munchExpr (e_i):

MEM §

Largest pattern with

| / \ the lowest cost
+

/ \ X CONST 4
BP CONST a
IR pattern code
MOVE (MEM (BINOP (PLUS, i,73) ), k) movl k, (i,7)
MOVE (MEM (1), J) movl J, (1)
movl (j),t

MOVE (MEM (1) ,MEM (7))

cost



Example: Maximal munch is not optimum

UTiling an IR tree with new rules: a[x] = *y

Rule # IR pattern cost
TEMP t 0

CONST c

BINOP (PLUS,i,Jj)

BINOP (TIMES,i,J)

BINOP (PLUS,i,CONST c)

MEM (BINOP (PLUS,i,CONST c))
MOVE (MEM (BINOP (PLUS, i, j)) ,k)
BINOP (TIMES,i,CONST c) Ifcis 1, 2, or4

BINOP (TIMES,i, CONST c)

© 00 Jd4 oo U b W M B O

MEM (i)

[
o

MOVE (MEM (i) , Jj)
’ (r, ¢) means ruler,

total cost ¢

N B B N R W W B DN R BB

(0,0) /\(1,1)

%EBP CONST a

[
[

MOVE (MEM (i) ,MEM(]))

17 A better tiling, which is optimum



Optimum Instruction Selection: Tree-based + DP

UFind an optimum tiling of the IR tree based on the optimum tiling of each of subtrees

dUse Dynamic Programming (DP) to avoid unnecessary re-computation of subtree costs
@® works in two passes: bottom-up labeling pass, and top-down emitter pass

UdThe bottom-up labeling pass: choose a tile with the minimum total cost for current root
@ Given a tile, cost of each subtree s; (c;) has already been computed - > -
@ For each tile t of cost ¢ that matches at node n, the cost of matching t is: ¢ Al leavesioft

UdThe top-down emitter pass: emit the assembler code

ivoid matchExpr (Tree.Exp e) { ! iTemp emission (Tree.Exp e) { :
for (Tree.Exp kid : e.kids()) foreach (e_i : wildcard (e.matched, e)) {:
matchExpr (kid)l; temp_i = emission (e_i) '

—————————————————————————————————————————————————————————————————

cost = INFINITY i .
for each pattern P_i : :
if (P_i.matches (e)) { : i emit INS using temp_i as arguments
cost_i = cost(P_i) i | putting result into new temp_O
+ sum ((wildcard (P_i, e)) .mincost) | '
. if (cost_i < cost) { cost = cost_i; choice = i; }: return temp_0

e.matched P_{choice} | :1 ______________________________________________________________ |
e.mincost cost

} Labeling Pass | Emitter Pass



Optimum Instruction Selection: Example 1

(a,b): a is the corresponding pattern number, b is the minimum cost.

MEM MEM (10, 2) MEM
| (6.2 6.2
PLUS PLUS PLUS
8, 1) 8D = @D Bh = G 8, 1)
CONST CONST CONST CONST CONST CONST
1 2 1 2 1 ADDI r1=r0+1 2
LOAD r2 = M[rl1 + 2]

Consider the PLUS node: Consider the MEM node:

Pattern Cost Leaves Cost Total Pattern Cost Leaves Cost| Total
(2) PLUS(el, ¢2) 12 3 (13) MEM(el) 1 |2 3
(6) PLUS(CONST(c), el) 1 1 2 (10) MEM(PLUS(el, CONST(c))| 1 1 2
(7) PLUS(el, CONST(c)) 1 1 2

(11) MEM(PLUS(CONST(c), e1)| 1 1 2

19



Optimum Instruction Selection: Example 2

UTiling an IR tree with new rules: a [x]

Rule #

IR pattern

© 00 Jd4 oo U b W M B O

B
B O

20

TEMP t
CONST c

BINOP (PLUS,i,Jj)

BINOP (TIMES,i,J)

BINOP (PLUS,i,CONST c)

MEM (BINOP (PLUS,i,CONST c))
MOVE (MEM (BINOP (PLUS, i, 3j)) ,k)
BINOP (TIMES,i,CONST c)
BINOP (TIMES,i,CONST c)

MEM (i)

MOVE (MEM (i) , )

MOVE (MEM (i) ,MEM (7))

=*y

____cost

N B B N F W W KRr N R BR

Ifcis 1, 2, or 4

(r, ¢) means rule r, total cost ¢

(10,6),(11,6)
MOVE

©.8) — T (9.2)

MEM MEM

l fen

4.3),
02« G O avn

MEM ‘CONST 4

v

4.1);

(0.0) /\(1.1)

%EBP CONST a

%EBP CONST 99

Bottom-up labeling

(0,0) /\(1 1)

%EBP CONST a The optimum tiling



DAG-based Instruction Selection

UTree IR cannot share computations of common sub-expressions

Directed Acyclic Graphs (DAG): Common sub-expressions represented by the same node
@ one possible solution: split the DAG into multiple trees with shared nodes as new roots

T — t = y+1 AN
RN /"N y = z¥t 2N
VARNVARNE t = t+1 ) z /N1

y Ty 1 z = tx*y y 1

® DAG-based Instruction Selection ekl = O e cae e i

(JHow to construct a DAG? | for each instruction I (in the order they appear)
@ Input: a sequence of IR instructions in a basic block |  for each v € use[l], with n = index[v]
® Output: an expression DAG for the block i if node v, doesn't exist create node v,

Create node for instruction I, with children { v, | v € use[I] }
for each v € def[I], index[v] = index[v] + 1 '
if I is of the form x = ... and n = index|[x]

label the new node with x,

SSA constructing Algorithm in a Basic Block

® Value Numbering Algorithm: build DAG bottom up
@ Label each DAG node with a variable holding its value
@ Use a distinct variable for each value: t, t4, t,, etc

21



DAG-based Instruction Selection

dComputing a minimal cost covering (with tree patterns) for DAGs
@ NP-complete [Proebsting, 98] but often works in practice
@ Translate low-level (three-address) IR code into a DAG representation

@ Then find a good tiling of the DAG similar to Tree-IR-based IS
® Maximal munch algorithm
@ The dynamic programming (DP) algorithm

The dynamic programming algorithm for trees is OK as a heuristic for regular processor architectures. The algorithm for trees
may create optimal results for DAGs for special tree grammars (usually for regular register sets like RISC rather than x86).

mov x+4 > t0
mov x+8 ->tl
UTiling a DAG: how would you tile a DAG? mov  &x 83

add 34 ->t4
load (t4) > 10
add t34 ->t5
load (t5) > t1

22



Instruction Selection: Evolutionary Path

dTree IR + Tree Tiling:
@® An optimal algorithm exists, very simple, suitable for teaching
@ For a single basic block, it can not share a common sub-expression

DAG IR + DAG Tiling:
@ E.g., LLVM SelectionDAG, allows the sharing of common sub-expressions
@ But still limited to a basic block and relies on the CFG for global selection
@ SSA IR => DAG + DAG Tiling:
@ Allow global optimisations, need to reconstruct DAG
ASSA IR => Machine IR:
@® no-longer constructing a DAG
@ Support across basic-block selection, with global information
@ In process in LLVM (GloballSel)

(dSea-of-Nodes:
@® Used in HotSpot C2, GraalVM, Suit for JIT

L1Still a valuable research area:

@ Interested students are encouraged to read this book:
@ https://link.springer.com/content/pdf/10.1007/978-3-319-34019-7.pdf

23
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{Edk: IE<SiEIFERS

QZEZEMIR, E—"MIR program
@ g oCam! #4i& MIR 727, SCINSERARZERREN
QFIRPHIGEPIESEY
@ lower_gep state (dst_uid, elem_ty, base, indices)
QMaximal munchF1aSHIKI &iEERS
@ FAMaximal munch iIaISHRIE R, EHAN T IRATtlingXl 53

—

i%éUNHR insn ::= .. | getelementptr t* %val, tl idxl, t2 idx2 ,..

© HFENE R ERISC-ViL YR
%n2 = add i64 %a, 4 : PLUS(n3, CONST 4)
N6 = add 164 %c, 2 : PLUS(n7, CONST 2)
%n5 = add 164 %n6, %d : PLUS(n6, n9)

store i64 %n5, ptr %n2 : MOVE(MEM(n2), n5)
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