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Pipelining – Vectorization - SIMD

• Recall typical instruction functions
1. Fetch instruction
2. Decode instructions
3. Compute operand addresses
4. Fetch operands
5. Execute operation
6. Store result
7. Increment program counter

If each step takes unit time, then an instruction is 
initiated every 7th time step.
In reality some steps are more complex than others 
and takes longer time to execute.
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Instruction execution
1     2     3    4    5    6    7    8    9   10   11   12   13 14   15   16   17   18

Instruction Instruction Instruction

Time

IF DE AC OF EX ST IC IF DE AC OF EX ST IC IF DE AC OF EX ST

IF DE AC OF EX ST IC
IF DE AC OF EX ST IC

IF DE AC OF EX ST IC
IF DE AC OF EX ST IC

IF DE AC OF EX ST IC

IF DE AC OF EX ST IC
IF DE AC OF EX ST IC

Pipeline
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Pipelining
• The Intel Xeon architecture optimizes frequency 

at the expense of pipeline execution efficiency. 
The Netburst architecture has 31 pipeline stages 
with clock rates up to 3.8 GHz. (The Itanium2 has 
8 stages and clock rates up to 1.6 GHz))

• The AMD Opteron architecture optimizes pipeline 
execution efficiency at the expense of clock 
frequency. The pipeline has 12 stages. Clock 
rates up to 2.8 GHz
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Pipeline Concepts
• Latency

– Time elapsed between initiation and completion of an operation
• Depth

– Number of stages in the pipeline
• Initiation rate

– The rate at which the first pipeline stage can service requests
• Completion rate

– The rate at which the slowest stage can service requests
• Throughput

– Same as Completion rate
• Startup time

– The time required for the pipeline to reach a steady-state. It is 
the same as latency.
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• http://www.intel.com/design/processor/ma
nuals/248966.pdf

• http://download.intel.com/design/Itanium2/
manuals/25111003.pdf
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Arithmetic Units 

Conceptual Adder 
Pipeline

Align

Latch

Latch

Latch

Add

Normalize

Round
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Reduction

Time:  L*N

Latency L

Adder
X(I)

X(0)

SUM

SUM = X(0)
FOR I = 1 TO N-1 DO

SUM = SUM + X(I)
ENDFOR
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Restructured for pipelining

FOR I = 1 TO log2N-1 DO
FOR J = 0 TO N/2I-1 DO

X(J) = X(J)+X(J+N/2I)
ENDFOR

ENDFOR

Latency L

Adder
X(J)

X(J+N/2I)

X(J)

+

X …. ….
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Restructured for pipelining

Time:  I=1          L+(N/2)-1
I=2          L+(N/4)-1
……
I=log2N   L

N+(L-1)log2N

FOR I = 1 TO log2N-1 DO
FOR J = 0 TO N/2I-1 DO

X(J) = X(J)+X(J+N/2I)
ENDFOR

ENDFOR

Latency L

Adder
X(J)

X(J+N/2I)

X(J)
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Restructured for pipelining v. 2

Time:  Phase 1 (FORALL)
N+L

Phase 2 (not shown)
(Alg 1 or Alg 2)
L*L or L+(L-1)log2L

Latency L

Adder
X(I)

X(0)=0, ….., X(L-1)=0

SUM(0), SUM(1), …, SUM(L-1)

FORALL I = 1 TO L-1 DO
SUM(I) = X(I)

ENDFORALL
FORALL J=0 TO L-1 DO

FOR I=L TO N-1 STEP L DO
SUM(J) = SUM(J)+X(I+J)

ENDFOR
ENDFORALL
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Summary of vectorized addition

N-L, L, L/2,..log2N+101NN+2L-1+(L-1)log2LN-13

N/2,N/4, …,1log2N0N-12(N-1)N-1+(L-1)log2NN-12

00N1N(N-1)*LN-11

Vector lengthVector
ops

Scalar
ops

StoreLoadCyclesArithm.
ops

Alg
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Generic Vector Architecture
Single Port
Memory

16 banks of 64-bit 
words

+ 
8-bit SECDED

80MW/sec data 
load/store

320MW/sec 
instruction
buffer refill

64-bitx16 NIP

LIP

CIP

(A0)

( (Ah) + j k m )

64
T Regs

(A0)

( (Ah) + j k m )

64 
T Regs

S0
S1
S2
S3
S4
S5
S6
S7

A0
A1
A2
A3
A4
A5
A6
A7

Si

Tjk

Ai

Bjk

FP Add
FP Mul
FP Recip

Int Add
Int Logic
Int Shift
Pop Cnt

Sj

Si

Sk

Addr Add
Addr Mul

Aj

Ai

Ak

V0
V1
V2
V3
V4
V5
V6
V7

Vk

Vj

Vi V. Mask

V. Length64 Element Vector 
Registers

CRAY-1
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Vector architecture concepts
• Vector-register architecture
• Vector-memory architecture
• Vector Registers

– Often reconfigurable (depth vs numbers)
• Vector Length
• Vector Mask
• Vector units

– Load and Store
– Floating-point
– Interger
– ……..
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Generic Vector Architecture
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Performance model
• Vector base

– Accounts for the time to set up control of vector 
operations

• Vector loop
– Accounts for the time for control of each loop iteration

• Strip mining
– Restructuring of a loop into vector operations with 

vectors that fit in vector registers
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Vector Summation

Load 1st segment of X                 12+VL
Load 2nd segment of X                 12+VL
Add 6+VL
Stall (add depends on 2nd load)    4
Store   12+VL
Stall (store depends on add) 4
Total loop 50+4VL

FOR I = 1 TO log2N-1 DO
FOR J = 0 TO N/2I-1 DO

X(J) = X(J)+X(J+N/2I)
ENDFOR

ENDFOR

Load a segment of X
Load a second segment of X
Perform a vector add on the two segments
Store the result
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Vector Summation
Load 1st segment of X                 12+VL
Load 2nd segment of X                 12+VL
Add 6+VL
Stall (add depends on 2nd load)    4
Store   12+VL
Stall (store depends on add) 4
Total loop 50+4VL

Loop time:

Total  time:
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Vector Summation VP-3

6+NmodMVL412+NmodMVL15
AddStallLoadLoop

6+MVL412+MVL15

AddStallLoadLoop

Load first two segments of X
Perform a vector addition on the two segments

Load next two segments of X, store previous result
Perform a vector addition on the new segments

Load next two segments of X, store previous result
Perform a vector addition on the new segments

Store final result

…
.

12+MVL15
StoreLoop

First segment

Middle segments

Last segment
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Vector Summation VP-3
Vector load, store  12+VL
Vector add 6+VL
Stall for vector add 4 (vector add must wait for loads)
Total 22+2VL
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Vector Summation

r∞ asymptotic rate

N1/2 Size for which  
r∞ is achieved

For VP-1 r∞ = 0.199 ops/cycle

For VP-3 r∞ = 0.388 ops/cycle

0.3679271840.19645092710000
0.3531141600.1939257825000
0.325061540.1903105112000
0.308448640.186280571500
0.288934610.183154611000
0.242220640.17062931500
0.217418390.15802531400
0.190115780.14512067300
0.168011900.13681461200
0.157811400.13021382180
0.146610910.12281302160
0.134410410.11451222140
0.127210130.10941178129
0.14248990.12391033128
0.13718750.11991001120
0.12268150.1085921100
0.10587560.095084280
0.09147110.083078265
0.10116330.091270264
0.09666210.087468660
0.07125620.065860740
0.04674280.044245220

Ops/cycleCyclesOps/cycleCycles
VP-3VP-1N



COSC 6365
Lecture 12
2008-02-21

Strip-Mining
FOR I = 1 TO N DO

Y(I) = Y(I)+X(I)
ENDFOR

VL=NmodMVL
LOW=1
FOR J = 0 TO N/MVL DO

FOR I = LOW TO LOW+VL-1 DO
Y(I) = Y(I)+X(I)

ENDFOR
LOW = LOW+VL
VL = MVL

ENDFOR
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Chaining
(building a connected pipeline)

Vector Summation VP-1

Vector Summation with chaining VP-1

Loop Time: 46+3VL

Loop Time: 46+3VL

r∞ = 0.199 ops/cycle

r∞ = 0.253 ops/cycle
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Vector Summation

r∞ = 0.587 ops/cycle

(r∞ = 0.388 ops/cycle
no chaining)

Load two segments of X
Add segments of X
Store the result

Load two segments 12+VL
Vector Add 6 (chained with load)
Vector Store 12 (chained with add)
Total                                30+VL
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Program transformations for 
vectorization - dependencies

• True data dependencies: read-after-write (RAW)
• Anti-dependence: write-after-read (WAR)
• Output dependence: write-after-write (WAW)
• Loop-carried dependence: a dependence of one 

of the above types occurs from one iteration to 
another
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Common program transformations for 
vectorization

• Variable Renaming
• Statement Reordering
• Loop Distribution
• Loop Reordering
• Scalar Expansion
• Variable Copying
• Index Splitting
• Node Splitting
• Loop Unrolling
• Loop Peeling
• Loop Rerolling
• Loop Collapsing
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Variable Renaming
RAW: 1 to 3 and 1 to 4

WAR: 1 to 2

WAW: 1 to 4

No loop carried dependence

RAW: eliminated

FOR I = 1 TO 100 DO
[1] Y(I) = X(I)/S
[2] X(I) = X(I)+S
[3] Z(I) = Y(I)+S
[4] Y(I) = S – Y(I)
ENDFOR

FOR I = 1 TO 100 DO
[1] T(I)   = X(I)/S
[2] X1(I) = X(I)+S
[3] Z(I)   = T(I)+S
[4] Y(I)   = S-T(I)
ENDFOR
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Statement reordering

Loop carried dependence on X

FOR I = 1 TO 100 DO
[1] U(I) = X(I-1)*U(I)
[2] X(I) = Y(I)+Z(I)
ENDFOR

x
U

X

I

I-1

+
Y

Z

I
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Statement reordering

Forward dependence on X
Can be vectorized

FOR I = 1 TO 100 DO
[2] X(I) = Y(I)+Z(I)
[1] U(I) = X(I-1)*U(I)
ENDFOR

x
U

X

I

I-1

+
Y

Z

I
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Loop distribution
FOR I = 1 TO 100 DO
[2] X(I) = Y(I)+Z(I)
[1] U(I) = X(I-1)*U(I)
ENDFOR

FOR I = 1 TO 100 DO
[2] X(I) = Y(I)+Z(I)
ENDFOR
FOR I = 1 TO 100 DO
[1] U(I) = X(I-1)*U(I)
ENDFOR

X(1:100) = Y(1:100)+Z(1:100)

U(1:100) = X(0:99)*U(1:100)
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Loop distribution
FOR I = 1 TO 100 DO
[1] Z(I) = X(I-2)*Y(I)
[2] U(I) = Y(I)+Y(I-1)/2
[3] X(I) = Z(I)+2
ENDFOR

FOR I = 1 TO 100 DO
[1] Z(I) = X(I-2)*Y(I)
[3] X(I) = Z(I)+2
[2] U(I) = Y(I)+Y(I-1)/2 
ENDFOR

Reorder
FOR I = 1 TO 100 DO
[1] Z(I) = X(I-2)*Y(I)
[3] X(I) = Z(I)+2
ENDFOR
FOR I = 1 TO 100 DO
[2] U(I) = Y(I)+Y(I-1)/2 
ENDFOR

Distribute

U(1:100) = Y(1:100)+Y(0:99)/2


