Lets now look at floating point operations

 |Impractical to require all FP opsto complete in one or even two
clock cycles since that would make slower clock or using
enormous logic in FP units

 FPpipelinewill allow for alatency for operations
e InFP pipelines
— The EX cycle can be repeated many times and the number of
repetitions vary for different operations

— There may be multiple FP functional units
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o Letsbuild with four separate functional units

— Main integer unit handles loads, stores, integer ALU
ops, and branches

— FP and integer multiplier
— FP adder that handles FP add, subtract, and conversion
— FP and integer divider

» These execution stages of these functional units are not
pipelined
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unpipelined FP functional units
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Lets build pipelined FP functional units out of the
last one
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* The pipelined machine supports multiple outstanding FP
operations.
— Up to four outstanding FP adds
— Up to seven outstanding FP/integer multiplies
— Onedivide since divide is not pipelined

 Complications:
— Requiresintroduction of additional pipeline registers ( e.g. al, a2,
a3, ad)
— Theid/ex register must be expanded to connect id to ex, div, m1,
and al
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Pipeline timing of a set of independent FP operations

MULT = |D M1 (M2 (M3 (M4 (M5 |[M6 |M7 |ME |WB
ADD |- 1D Al |A2 |A3 |A4 |ME |WB

LD |F 1D EX |ME |WB

SD |- |D EX |ME |WB

CS 596
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Stall occurs when the ADD d@ends on MULT

MULT |F 1D M1 M2 M3 M4 M5 M6 M7 ME wB
//
P
P
ADD IF ID Al “TA2 A3 A4 ME WB
stall stall stall stall stall
ADD |F 1D stall stall stall stall stall Al A2 A3
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Advanced Pipelining, ILP, and Loop-level Paralelism

* We have seen how pipelining can overlap the execution of
Instructions when they are independent of one another

o Thisiscalled Instruction Level Parallelism (ILP) since the
Instructions can be evaluated in paralléel

 Now we will look at how the pipelining ideas can be extended by
Increasing amount of parallelism exploited among instructions

« Amount of parallelism available within abasic block (i.e. a
straight line code sequence with no branches in except to the
entry and no branches out except at the exit) is small
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One approach isto increase amount of parallelism among
iterations of aloop called loop-level parallelism

for  (i=1,i<=1000,i=i+1)
x[1] =x[1] +vyli] ;

Every iteration of the loop can overlap with any other iteration
(i.e. loop level parallelism exists) but within each loop
Iteration there is not much overlap

We are interested in increasing instruction level parallelism
In loops like above
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To keep apipeline full, parallelism among instructions must be
exploited by finding sequences of unrelated instructions that can
be overlapped in pipeline

To avoid pipeline stalls, a dependent instruction must be
separated from the source instruction by a distance in clock cycles
equal to the pipeline latency of that source instruction

How well this can be done by compiler dependson the ILP
available in the program and on the latencies of the functional
units

Onekey isto hide stalls
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We make up the following latencies:

Assume integer load latency of 1, an integer ALU operations

Instruction
producing result

Instruction using
result

Latency in clock
cycles

FPALU op Another FPALU |3
op

FPALU op Store double 2

Load double FPALU op 1

Load double Store double 0

latency of O, alatency of 1 for branch

CS 596
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We will look at how compiler (or may beyou!) can increase the
amount of ILP by unrolling loops

for (i=1;i<=1000;i++)
X[I] = X[i] +s;

Theloop is parallel since each iteration is independent
But we areinterested in I L P (not loop-level parallelism) now
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o Straightforward assembly code for the loop with latencies shown
In table previoudly :

loop : LD FO, O(R1) ;FO Array element
ADDD F4, FO, F2 ;add scalar in F2
SD O(R1), F4 ,store result
SUBI R1,R1, 8 ,decrement pointer
8 bytes
BNEZ R1, loop ;oranch R1!=zero

R1isinitially the address of the element in the array with the
highest address, and F2 contains the scalar value s; we assume
that the element with lowest address is at zero
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L ook at the execution of the loop without scheduling

clock cycle issued

loop: LD FO, O(R1) 1
stall 2
ADDD F4, FO,F2 3
stall 4
stall 5
SD O(R1), F4 6
SUBI R1,R1, #8 7
stall 8
BNEZ R1,loop 9
stall 10

Thisrequires 10 clock cycles per iteration; 1 stall for LD,2 for the
ADDD, 1 for SUBI, and one for branch
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L ook at the execution of the loop with scheduling by compiler

clock cycle issued

loop: LD FO, O(R1) 1
SUBI R1,R1, #8 2
ADDD F4, FO,F2 3
stall 4
BNEZ R1,loop 5
SD 8(R1), F4 6
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Observations from scheduled loop

Execution time has been reduced from 10 clock cycle (without
scheduling) to 6 clock cycle (with scheduling)

One loop iteration completed and result stored back every 6 clock
cycle but actual operations (load, add, and store) takes 3 of those
clock cycles

Remaining three clock cycles required for loop overhead, SUBI,
BNEZ, and a stall

Question : How can we decrease the ratio of loop overhead ?
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* Answer . Add more non-loop overhead i.e. load, add and store
operations within aloop

« A scheme for increasing the number of instructions relative to the
number of branch and overhead instructionsisloop unrolling

e Loop unrolled four times .

for (1=1;1<=1000;i=1 +4){
X[i] = X[i] +s;
X[l +1] = x[1 +1] +s;
X[l +2] = x[1 +2] +s;
X[I +3] = x[1 +3] +5s;
}
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Unrolled loops cycles without scheduling

m
LD FO, O(R1) 1
ADDD F4,FO,F2 2
SD O(R1), F4 3 (drop SUBI & BNEZ)
LD F6,-8(R1) 4
ADDD F8,F6, F2 5
SD -8(R1), F8 6 (drop SUBI & BNEZ)
LD F10,-16(R1) 7
ADDD F12,F10,F2 8
SD -16(R1),F12 9 (drop SUBI & BNEZ)
LD F14,-24R1) 10
ADDD F16,F14, F2 11
SD 24R1),F16 12
SUBI R1, R, #32 13
BNEZ R1,lo0p 14

e Thiswill runin 28 cycles—each LD has 1 stall, each ADDD 2,
SUBI 1, the branch 1, plus 14 instruction issue cycles

o 7 clock cyclesfor each of the four e ements
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Unrolled loops cycles with scheduling

loop: LD
LD
LD
LD
ADDD
ADDD
ADDD
ADDD
SD
SD
SUBI
SD
BNEZ
SD

FO, 0 (R1)
F6, - 8 (R1)
F10, -16 (R1)
F14, -24 (R1)
F4, FO, F2
F8, F6, F2
F12, F10, F2
F16, F14, F2
O(R1), F4
-8(R1), F8
R1, R1, #32
-16 (R1),F12
R1, loop
8(R1), F16

; (-32+8=-24)

» Execution time of the unrolled loop has dropped to atotal of 14 clock cycles,
or 3.5 clock cycles per element, compared with 7 cycles per element before
scheduling and 6 cycles when scheduled but not unrolled
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Benefits of unrolli ng

« Gain from scheduling on the unrolled loop is even larger than on
the original loop

 Unrolling loops exposes more computation that can be scheduled
to minimize stalls

e Loop unrolling isasimple but useful method for increasing the
size of straight line code fragments that can be scheduled
effectively
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Summary of loop unrolling

Determine that loop unroll would be useful by finding that the
loop iterations were independent, except for the loop maintenance
code

Use different registers to avoid constraints that would be needed
If the same registers were used for the same computations

Eliminate the extra tests and branches and adjust loop
mal ntenance code

Determine that |oads and stores in the unrolled can be
Interchanged since the loads and stores from different iterations
are independent

Schedul e the code so that any dependency needed to yield the
same result at the original code is preserved
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Loop-level Parallelism

Loop-level parallelismis normally analyzed at the source level or
closeto it; while most analysis of ILP is done once instructions
have been generated by the compiler

Loop-level analysisinvolves determining what dependencies exist
among the operands in the loop across the iterations of the loop

We will concentrate on data dependencies which arise when an
operand is written at some point and read at alater point

Need to determine whether data accesses in later iterations are
data dependent on data values produced in earlier iterations

Dependence in the following loop body between two uses of X[i],
but this dependence iswithin asingle iteration. No dependence
between instructions in different iterations

for (i=1;i<=1000;i++)
X[I] =X[I] +s;
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. for 1=1,1<=100;1=1+1){
Ali+1]=AT]+CJi]; [* S1*/
Bli+1]=B[i]+A[i+1] /*S2*/}

 Therearetwo different kind of dependencies:

— S1 uses avalue computed by S1 in an earlier iteration since
Iteration | computes A[i +1] which isread in iteration | +1;
sameistrue of S2 for B[i] and B[i+1]

— Another dependency isthat S2 uses A [i+1] whichis
computed by S1 in the same iteration

« The dependence of S1 on an earlier iteration of Sl iscalled
loop-car ried dependence implying dependence exists between
different iterations of the loop

* The second dependence (i.e. S2 depending on S1) is not loop-
carried and if existed alone would not prevent execution of
multiple iterations in parallel
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for(1=1;1<=100;1=1+1){

Alil] =A[l] +BJ[i]; /*S1*/

Bl[i+1] = Cl[i] + D[i]; /* S2*/}
Statement S1 uses the value assigned in the previous iteration by
statement S2, so there i1sloop carried dependency between S2 and S1

S1 depends on S2 but S2 does not depend on S1, so we can
Interchange them

Neither statement depends on itself
On thefirst iteration of the loop, S1 depends on B[1]
A[1] = A[1] + B[1]]
for(i=21,1<=99;i=1+1){

Bl[i+1] = CJ[i] + D[i] ; [* S1*/

Ali+1] = A[i+1] + B[i+1]; [* S2*/}
B[101] = C[100] + D[100];

No more loop-carried.g
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|LP versus Reducing Cache Misses

e Sometimes compiler must choose between improving |LP and
Improving cache misses

for (i=0i<512i=i+1)
for(j=1,j<512:j=j+1)
x[110] =2* x[i][J-1] ;

 Dataisaccessed in order they are stored ( row wisein C), hence
minimizes cache misses
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ToIncrease ILP we try to unroll the loop :

for (i=0:i<512:i=i+1)
for (j=1.j<512:j=j +4){

X[l =2*x0]0-1] ;
X[][+1] =2*x[1])] ;

x[]+2] = 2*x[1][j+1] ;
x[]0+3] = 2*x[1][j+2] ;

}

Data dependency prevents loop unrolling for ILP
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