A 20 O,
V\

10/28/26
_

COMP 311:
Computer Organization!

Lecture 19: Computer Performance Metrics




Logistics Update

* Lab 3 is out
* Due 11/6

- WA4
* Due 11/2

* Quiz Corrections!



Plan for Class Today

* 3:35-4:00: Computer Performance
Terms

* 4:00-4:15: Timing Analysis with L ow does hard
Multiple Computations OW €OEs nardware
remember information,

* 4:15-4:20: BREAK and how can we predict

» 4:20-4:50- Practice | when its outputs change? |

Guiding Question ©
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Computer Performance




Why study performance?

e Helps us to make intelligent choices
Helps us see through marketing hype
e Affects computer organization
(pipelining, caches, etc.)
® Why is some hardware faster than others?
e What factors of system performance are hardware related?
O Do we need a new machine,
O more memory
O a better compiler
O oranew 0S?
e How does a machine’s instruction set affect its performance?



Performance Metrics

- Latency: time from an input to its corresponding output
* How long does it take for my program to run?
* How long must | wait after typing return’ for the result?

* Throughput: The at which new outputs are generated
- How many calculations per second?
- What is the average execution rate of my program?
- How much work is getting done?

C’é By running a program on 20 dlﬁecr‘gn’) 7 4 N

input files on the fastest available ] By running our program simultaneously

processor, what performance metric do on 20 CPU's, each assigned an input file,
we improve?

what performance metric do we improve?
AV VN S G AN Y o 4 V4 AT
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What airplane has the best performance?

Aircraft Passengers Range (miles) | Speed (mph)
Boeing 737-100 132 630 598
Boeing 747 470 4150 610
BAC/Sud Concorde 101 4000 1350
Douglas DC-8-50 146 8720 544
How much faster is the Concorde than the 7477 2.213 X

How much larger is the 747’s capacity than the Concorde? 4.65 X

It is roughly 4000 miles from Raleigh to Paris. What is the throughput of
the 747 in passengers/hr? The Concorde?

470(610)/4000 = 71.65 pass/hr

What is the latency of the 7477
The Concorde?

4000/610 = 6.56 hr/pass
4000/1350 = 2.96 hr/pass



Performance Tradeoffs

Maximum Performance: measured by
the “number of instructions executed per
second”

Minimum Cost: determined by the
size-of-the-circuit/number-of-components-used plus

power/cooling costs

Best Price/Performance: measured by the
:,m ~ ratio of CPU-cost to number of instructions
. executed per sec.

Performance/Watt instructions per second
per watt




Execution Time

<:j? Elapsed Time/Wall Clock Time

counts everything (disk and memory accesses, /O, etc.)
a useful number, but often not good for comparison purposes

~ CPU time

Doesn’t include I/O or time spent running other

Programs can be broken up into system time, ﬁ :

and user time

—
Our focus: user CPU time
Time spent executing actual instructions of “our” program

—

| —



Definition of Performance

OGN

For some program running on machine X,

Performancey = Program Executions / Timey (executions/sec)

@ times faster tharg_/ 7

————

Performance, / Performance, = N

—

Problem:
Machine A runs a program in 20 seconds

Machine B runs the same program in 25 seconds
Performance, = 1/20 Performanceg = 1/25

Machine Ais (1/20)/(1/25) = 1.25 times faster than Machine B

10



Program Clock Cycles
.

— —

Instead of reporting execution time in seconds, we can also use cycle counts

(sec/program) * (clocks/sec) = clocks/program

Clocks are when machine-state changes (synchronous abstraction):

——

————————
time

cycle time = time between rising edges of the clock = seconds per clock
clock rate (frequency) = clocks per second (1 Hz. =1 clock/sec)

— —_—

A 200 Mhz. clock has a 1/(200 * 106) = 5.0 x 109 cycle time
<

/Overclocking: improves performancg/\d’\_‘g)(/( <°
(seconds/program) by decreasing the
cycle time (seconds/cycle), while
hoping that the functional blocks

continue to operate as specified.
\& P P J

=5nS

11



Standard Computer Performance Measures &

—_—

Millions of Instructions per Second Frequency in Hz

/ 1 clocks / second /

MIPS= —
0° clocks / instruction

CPI (Average Clocks@

(9T = C\yc lel / NSO

12



How to improve performance?

(sec/program) (clocks/sec) = clocks/program

1  clocks / second
MIPS= — ; :
10°% clocks / instruction

So, to improve performance (everything else being equal) you can either

\LJ the # of required clocks for a program, or
\ / . .

—_ the clock cycle time or, said another way,
% the clock rate.

;J/ the CPI (average clocks per instruction)

Clocks = = clol\ Q\%C\QS

13



How to improve performance?

(sec/program) (clocks/sec) = clocks/program

1  clocks / second
MIPS= — , ,
10°% clocks / instruction

So, to improve performance (everything else being equal) you can either

Decrease

(improve ISA) the # of required clocks for a program, or
Decrease the clock cycle time or, said another way,
Increase the clock rate.

Decrease

the CPI (average clocks per instruction)

14



More Timing Analysis



4 )
Where are we headed? Figure 4.11 The simple datapath

for the core RISC-V architecture

PCSrc
M
>Add - 3
X
4 — >Add Sum
& - = ._.__________.--'
Read > Regd ALUSrc ALU operation
B lacieaa address rRgiie Rea? L ‘ MemWrite
| Read i ' MemtoReg
Instruction rRgisier 2
Write Registers g, aEiises Rde;g
Instruction | register data 2
memory
Write
| data
| Write Data
RegWrite " | data memory
MemRead
= Imm
Gen

16



Our ultimate goal: a full CPU &

 Our goal: understand how fast we can safely clock a CPU
» That depends on how long signals take to travel through its
circuits. We started small. Last time:
* how individual gate delays determine when a circuit’'s output is
ready
 Today: how registers and computation work together:

* When inputs change, when does the circuit compute the new
result, and on which clock edge is that result stored?

17



Timing
Begin 15t Begin 2 Begin 3™
computation computation computation

18t computation  2"4 computation 34 computation

should be should be should be
completed by completed by completed by
the next rising the next rising the next rising
edge of the edge of the edge of the
clock clock clock

—_—



Timing

Cycle 0 Cycle 2

\ 7+7 18 + 7 30 + 8

L

-




Starting State




Cycle 0: On rising edge




Cycle 0: After clk-to-q delay
[ +7 I




Cycle 0: After adder propagation delay




Cycle 1: On rising edge




Cycle 1: After clk-to-q delay

18 + 7 (Fv 18 + 7




Cycle 1: After adder propagation delay
18 + 7 I 18 + 7




Cycle 2: On Rising Edge
30+ 8 I 18 + 7




Cycle 2: After clk-to-q Delay
30+ 8 I 30 + 8




Cycle 2: After Adder Propagation Delay
30 + 8 I 30 +8

18 + 7




Cycle 3: On Rising Edge
0+0 I 30 + 8

18 + 7




Cycle 3: After clk-to-q Delay




Delays

- Adder propagation delay = 600ps

* Register clk-to-q delay = 50ps

* These delays are innate properties of the components

* We can calculate these delays by finding the longest combinational

delay
* We cannot change these values withouf changing the Compm

_-_‘_‘_‘_‘_‘_‘_“—‘—'—-—-—-_._
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Clock Period &

* We can adjust the clock period based on our needs
* There is a minimum clock period at which the circuit will work properly
* We can set our clock period to any value >= min clock period

33



Ex1: Clock period = 700ps, clk-to-q delay = 50ps,
adder propagation delay = 600ps

e ——




clk-to-q delay is 50ps
clock period = 700ps

Cycle 0: 7 +7 B

= prev_sum
> C Y
en

Starting
State

next_A 0 :_ - "::_ / >3
next B 0 —_] \ - —7 L
curr A 0 oo \ 7 ) =
curr_B 0 > — - g
curr_sum 0 o D / & L
prev_sum 0 co D D) &%

adder propagation delay =600

35
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Cycle 0: 7 +7

5[0

Starting

Reg

adder propagation delay = 600 ps
clk-to-q delay = 50ps
clock period = 700ps

I m
= prev_su
> C Y
en

next A
next B
curr_A
curr_B
curr_sum
prev_sum

0
0
0
0
0

7 18
14 7
7 7
14 14
14 14
0 0 36



adder propagation delay = 600 ps
clk-to-q delay = 50ps
clock period = 700ps

Cycle 1: 18 + 7

5[0

2800 ps

t=1350 ps t = 1400 ps
A=18 A=30

B=38

: 7
curr_sum \\";)__S .
prev_sum 0 | &5



next A

1=en

CyC|e 1: 18 + 7 B[O fxt_B - \LLA S UM prev_sum

s curr B ‘; CS b
1=—en e 1=—en
Reg Add Reg
Jr—e
O ps 700 ps 1400 ps 2100 ps

Y

adder propagation delay = 600 ps
clk-to-q delay = 50ps
clock period = 700ps

2800 ps

t = 1400 ps
A =30
B=38

t=1350 ps

A=18

B=7
next A 18 18 18
next B 7 7 7
curr_A 4 18 18
curr_ B 14 7 7
curr_sum 14 14 25

prev_sum 0 14 14

38



Cycle 2: 30 + 8 i o \_A curr_sum

@ %xt_B >DC = ‘; CS PC prev_sumY
1=—cn O—vc. 1=—en
Reg Add Reg
Jr—e
O ps 700 ps 1400 ps 2100 ps

t = 1400 ps t = 1450 ps

t = 2050 ps
A=30

adder propagation delay = 600 ps
clk-to-q delay = 50ps
clock period = 700ps

2800 ps

t= 2100 ps
A=15

A=30 A=30

B=38 B=38
next A 30
next B 8
curr_A 18
curr_B 7
curr_sum 25

prev_sum 14

B=38

B =30

39



next_A
O  ——

D

b C adder propagation delay = 600 ps
1 clk-to-q delay = 50ps
. B curr_A curr_sum ~ . —
Cycle 2 30 + 8 B @—&Elwg cf, El%mY clock period = 700ps
1=—cn O—tc. 1=—cn
— | Reg Add Reg
O ps 700 ps 1400 ps 2100 ps 2800 ps

S N N D N [ S D S D S

t = 1400 ps t = 1450 ps t = 2050 ps

A=30 A=30 A=30
B=8 B=8 B=8

next A a 30 30 15 §
next B . 8 8 0
curr_A 18 30 30
curr_B 7 8 8 8

curr_sum QD\> 25 38 38
prev_sum 14 @ 25 25 40



Ex1: Clock period = 700ps, clk-to-q delay = 50ps,
adder propagation delay = 600ps

prev_sum



Ol s adder propagation delay = 600 ps

A
1 clk-to-q delay = 50ps
CYCIQ 3: 1 5 + 30 ext B g curr_A curr_sum,_ prev_sum clock perIOd B 700pS
B 10 tx\f opeur B4 ol —(_ ) Y
e 10— 1 [
O ps 700 ps 1400 ps 2100 ps 2800 ps

\]/ ___2 ?-SD Not a typo!
— What will
O‘* happen in
this case?
next_A 1 2O

next B 30

curr_A 30 \ <
curr_B 8 >,
curr_sum @ —J

qg 42
prev_sum 25 ==/ N



A [Ollrs adder propagation delay = 600 ps
.. clk-to-q delay = 50ps
Cycle3:15+30  _bio ™ [ws aran o clock period = 700ps
Reg Add Reg
Jrp=—e
O ps 700 ps 1400 ps 2100 ps 2800 ps

t=2100 ps t=2150 ps t = 2800 ps Not a typo!
A=15 A=15 A=20 What will

B=30 B=30 B=30 happen in

next A 15 15 20 20 this case?
next B 30 30 30 30
curr_A 30 15 15 15
curr B 8 30 30 30
curr_sum 38 38 45 45

prev_sum 25 38 38 38 43



Input A updating att = 2750ps &

* QOur addition will work the same as before!

* The register prevents the value of A from moving forward until the rising
edge of the clock

* We can update the inputs anytime from t = 2150ps to t = 2800ps
* (aka until the next rising edge)

« The value will simply just stay at the input of the register until the rising
edge of the clock

44



A [OR2L s adder propagation delay = 600 ps
. clk-to-q delay = 50ps
. Reg clock period = 700ps
CYCle 4- 20 + 30 xt_B curr_A cur_sum prev_sum
B EEEME N E O Y
1=—{cn O—_ 1=—fen
—. 1 Reg Add Reg
O ps 700 ps 1400 ps 2100 ps 2800 ps

t = 2800 ps t = 2850 ps t = 3500 ps

A=20 A=20 A=0

B =30 B =30 B=0
next A 20
next B 30
curr_A 15
curr_B 30
curr_sum 45

prev_sum 38 o



A [OR=lys adder propagation delay = 600 ps
.. clk-to-q delay = 50ps
CyCIe 4: 20 + 30 xt B e curr_A curr_sum prev._sum CIOCk perIOd = 700ps
B @&Elwg ’ v §| O
1=—cn (e [ 1=—en
— | Reg Add Reg
O ps 700 ps 1400 ps 2100 ps 2800 ps

t = 2800 ps t = 2850 ps t = 3450 ps t = 3500 ps

A=20 A=20 A=20 A=0

B =30 B =30 B=30 B=0
next A 20 20 20 0
next B 30 30 30 0
curr_A 15 20 20 20
curr_ B 30 30 30 30
curr_sum 45 45 50 50

46
prev_sum 38 45 45 45



Clock Period = 700ps
0 ps 700 ps 1400 ps 2100 ps 2800 ps
| | | | |

7+ 7 18 +7 30+ 8 15+ 30 20 + 30

clk-to-q delay = 50ps

idle time = 50ps !



Ex2: Clock period = 650ps, clk-to-q delay = 50ps,
adder propagation delay = 600ps. Fill out the whole table on the WS!




A [Ollrs adder propagation delay = 600 ps
.. clk-to-q delay = 50ps
CyC|e 0:7+7 5 [OH ks 9 eurA_ currsum orev_sum clock period = 650ps
tEI%ﬁ N El_@ y
1=—fen e 1=—en
—. 1 Reg Add Reg
O ps 650 ps 1300 ps 1950 ps 2600 ps

Starting
State

next A 0

next B 0

curr_A 0

curr_ B 0
curr_sum 0
prev_sum 0 °



A [Ollrs adder propagation delay = 600 ps
.. clk-to-q delay = 50ps
CyC|e 0:7+7 ext B 9 eurA_ currsum orev_sum clock period = 650ps
B @taﬁ&ﬁ N El_@ y
1=—en e 1=—en
—. 1 Reg Add Reg
O ps 650 ps 1300 ps 1950 ps 2600 ps

Starting

next A 0 7 4
next B @ 7
7
7

curr_A
curr_ B

curr_sum
50

o O O O O

prev_sum



adder propagation delay = 600 ps

AlO D
.. clk-to-q delay = 50ps
Cycle1: 18+ 7 et o cursum_ e sum clock period = 650ps
B @tPC cur B 17 . >DC y
1=—en O—1c. 1=—en
Reg Add Reg
Jr—e
O ps 650 ps 1300 ps 1950 ps 2600 ps

t=1300 ps
A=30
B=38

next A
next B
curr_A
curr_ B
curr_sum
prev_sum

51



A [ORXlys adder propagation delay = 600 ps
. clk-to-q delay = 50ps
Cycle1: 18+ 7 i LA cursum___ e e clock period = 650ps
B OtPC él cur B 1" E_@ y
1=—cn Oo—t___ 1=—fen
— 1 Reg Add Reg
O ps 650 ps 1300 ps 1950 ps 2600 ps

t=1300 ps

A =30

B=38
next A 18 18 30
next B 7 \ 7 8
curr_A 7 1 18
curr_B 7 7 \ 7
curr_sum 14 14 —)25

prev_sum 0 14 >



A [OLlrs adder propagation delay = 600 ps
.. clk-to-q delay = 50ps
CyC|e 2: 30+ 8 Xt B 0 eura curr_sum orev_sum clock period = 650ps
B @i&?c curr B g CS >DC %
1=cn O—c. 0 1=en
— | Reg Add Reg
O ps 650 ps 1300 ps 1950 ps 2600 ps

t=1300 ps
A=30

t=1350 ps t=1950 ps
A=30 N )

next A
next B
curr_A
curr_ B
curr_sum
prev_sum

B=38

30

B=38 B =30

53



next_A
o=
le 2: 30 + ! - A :
Cyc o 30 8 5 @ <t B PC Currc:;rr g CS curr sum5 pre\gmy
1=cn O—c. 1=en
— 1 Reg Add Reg
O ps 650 ps 1300 ps 1950 ps

t=1300 ps
A=30

adder propagation delay = 600 ps
clk-to-q delay = 50ps
clock period = 650ps

2600 ps

next A
next B
curr_A
curr_ B
curr_sum
prev_sum

B =

8

54

t=1350 ps t=1950 ps

A=30 N )
B=38 B=30

30 15

8 30

30 30

8 8

25 38

25 25



adder propagation delay = 600 ps
clk-to-q delay = 50ps

CyC|e 3:15+ 30 clock period = 650ps

O ps 650 ps 1300 ps 1950 ps 2600 ps

S N N D N B T B S R

t=1950 ps t = 2000 ps t = 2600 ps

A=15 A=15 A=20

B=30 B=30 B=30
next A 15
next B 30
curr_A 30
curr_ B 8
curr_sum 38

prev_sum 25

55



Cycle 3: 15+ 30

O ps

650 ps

1300 ps

t=1950 ps
A=15
B=30

adder propagation delay = 600 ps

1950 ps 2600 ps

t = 2000 ps
A=15
B=30

t = 2600 ps
A=20
B=30

clk-to-q delay = 50ps
clock period = 650ps

next A
next B
curr_A
curr_ B
curr_sum
prev_sum

15
30
15
30
38
38

20
30
15
30
45
38

56



adder propagation delay = 600 ps
clk-to-q delay = 50ps

CyC|e 4: 20 + 30 clock period = 650ps

O ps 650 ps 1300 ps 1950 ps 2600 ps

S I SN D N B T B D B

t=2600ps | t=2650ps | t=3250 ps | t=3300 ps

A=20 A=20 A=0 A=0

B =30 B =30 B=0 B=0
next A 20
next B 30
curr_A 15
curr_B 30
curr_sum 45

prev_sum 38

57



adder propagation delay = 600 ps
clk-to-q delay = 50ps

CyC|e 4: 20 + 30 clock period = 650ps

O ps 650 ps 1300 ps 1950 ps 2600 ps

t=2600ps | t=2650ps | t=3250 ps | t=3300 ps

A=20 A=20 A=0 A=0

B =30 B =30 B=0 B=0
next A 20 20 0 0
next B 30 30 0 0
curr_A 15 20 20 0
curr B 30 30 30 0
curr_sum 45 45 50 50

prev_sum 38 45 45 50

58



Clock Period = 650ps
0 ps 650 ps 1300 ps 1950 ps 2600 ps
| | | | |

[+ 7 18+ 7 30 +8 15 + 30

clk-to-q delay = 50ps

59



Comparing Clock Periods &

* Qur circuit functioned correctly at both of the clock periods we tried
* 650ps and 700ps

 Our five addition operations finished faster when we set our clock
period to 650ps compared to 700ps

60



Ex3: Clock period = 500ps, slk-to-q delay = 50ps,

adder @gjtion delay = 600ps. O

n WS, do cycle 0 and 1

curr_sum

prev_sum



Cycle0&1:7+7

next A
next B
curr_A
curr_B
curr_sum
prev_sum

500 ps

o O O O O O

o215 dder propagation delay = 600 ps
1 clk-to-q delay is 50ps
Reg ; —
curr_A curr_sum clock perlod = 500ps
O qext_B >DC = CS u u >DC prev_sumY
1=—en (e 1=—en
—. 1 Reg Add Reg
1000 ps 1500 ps 2000 ps

G o I0 Wyl

== 1= 3
= — <
7 _—’;27 3
g ,\_I;-)/\. —
O _O 62



next A
O  ———

D

idder propagation delay = 600 ps

1 clk-to-q delay is 50ps
Cycle 0&1:7+7 O%DREQ UTA___oum sum___cre, clock period = 500ps
= e e G Y v
eg A eg
Jrp=—e
O ps 500 ps 1000 ps 1500 ps 2000 ps
next A 0 2 — \<%
next B 0 Q— I /,;l
curr_A 0
curr_B 0
curr_sum 0 — /\‘ /7_
prev_sum 0 03



Cycle0&1:7+7

next A
next B
curr_A
curr_B
curr_sum
prev_sum

o O O O O O

D
pC Q)
1e=ecn
Reg
ext B curr_A curr_sum
l >DC Q curr B ?, > >D
C C Q
1=dcn Oe—iqc. 1=dcn
Reg Add Reg
—
1000 ps 1500 ps

OO O O O N ~

© O N N N N

prev_sum

O v

??

adder propagation delay = 600 ps
clk-to-q delay is 50ps
clock period = 500ps

2000 ps

18

18

??
27 64



Clock Period = 500ps
0 ps 500 ps 1000 ps 1500 ps 2000 ps
| | | | |

clk-to-q delay = 50ps

65



Clock Period = 500ps &

» Qur circuit does not operate correctly with a period of
500ps

* Why?
» The adder cannot finish its operation before the next
rising edge of the clock

* The output register ends up reading garbage

66



min clock period = clk-to-q delay of the input registers + adder propagation delay

67



In General...

-

\_

Combinational path: path through combinational logic

~

elements. AKA between two registers (synchronous logic)

min clock period = clk-to-q delay of the input registers + longest combinational path

68



Min Clock Period (I

- Why do we not include the clk-to-q delay of the output register when
determining the min clock period?

69



Min Clock Period (I

* Why do we not include the clk-to-q delay of the output register
when determining the min clock period?

4 In one clock cycle, we need to read the input registers, )
A @ do the computation, and ensure the value is ready for
the output register before the next rising edge of the
clock. The value will not pass through the output register
\_ until the next rising edge of the clock. J

70
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