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Quiz Topics & Logistics Updates
m Another ALU tracing problem
. Multiplexem
" m Waveform Diagrams \
m Flip flops & Registers k

m Clk-to-Q Delay
m Timing Analysis Tables - See WA4

————

m WA4 was released! Due in 1.5 wks




Undergrad Systems Reading Group!! ©

Mondays at 4pm!
FB141
Snacks provided!

All are welcome!!
- No background in CS research necessary

If you are interested in being added to the mailing list, send me
an email!



TIMING ANALYSIS




Begin 1st Begin 2nd Begin 3
computation computation computation

Mioan 4}—|_|—|_

1st computation 2" computation 31 computation

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

of the clock edge of the edge of the

clock clock




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




f—B A [Oxllrs . adder propagation delay = 600 ps
1,_’52*’ §| \J/ I _clk-to-q delay =50ps
CyCIe 3:15 + 30 et 5 A T curt o | e sum clock period = 700ps
B E 1—>D(j la;l) ci >DC Y \/
1=—cn O—1c 1 enl
— 1 Reg Add Redg
‘ \
O ps 700 ps +» 1400 ps 2100 2800 ps

Not a typo!
What will
Sl happen in

this case?

— next_A { 5— cQCb H D

— next_B 30 3 D SC} 3@

—>— Curr A 30 J § / - / S"
—_— curr_B 8 —:L S 32:) BZD

curr_sum C 38D 3% —347(3 4 S
prev_sum 25 _gg 3? ?5— o




A [OLl s adder propagation delay = 600 ps
.. clk-to-q delay = 50ps
- ~ Re i —
Cycle 3: 15 + & oy R T S clock period = 700ps
1=—en O0—c 1=—en
— | Reg Add Reg
700 ps 1400 ps 2100 ps 2800 ps
_ Not a typo!
Signal = = = = What will
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




Input A updating att = 2750ps

m Our addition will work the same as before!
m The register prevents the value of A from moving forward until the

rising edge of the clock
m We can update the inputs anytime froam t = 2150ps to t = 2800ps

— (aka until the next rising edge) T -

m The value will simply just stay at the input of the register until the
rising edge of the clock
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next A r=—j adder propagation delay = 600 ps

0)
1o | clk-to-q delay = 50ps
CyCIe 4: 20 + 30 r|ext_B .Reg curr_A curr_sum prev_sum CIOCk perIOd - 7ODpS
B O l—>DC ofpeur B b Cz E_@ Y
Te—dcn . (0 e [ 1=—fcn
Reg Add Reg
iy Y |
700 ps 1400 ps 2100 ps 2800 ps

_I_I_I_I_I_I_I_I_I_I

Signal

next_A
next_B
curr_A
curr_B
curr_sum

prev_sum

BG4S #S HT



A Ol adder propagation delay = 600 ps
1. clk-to-q delay = 50ps
Cycle 4. 20 + 30 & [ B S - clock period = 700ps
$ Solle| S-SR E—@ Y
1e=cn (0 e (8 1=en
— 1 Reg Add Reg
700 ps 1400 ps 2100 ps 2800 ps
Signal
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

prev_sum 38 45 45 45
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Clock Period = 700p§

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 ) 13




Ex2: Clock period = 650ps, clk-to-q delay = 50ps,
adder propagation delay = 600ps




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

i prev_sum
b C Y
1—e
€g

I
650 ps ¢ 1300 ps 1950 ps 2600 ps

_I_I_I_I_I_I_I_I_I_I

Cyole0:7+76 "

qr

Signal Starting State

next_A 0 7_ l ‘%)

next_B 0 —7 i —)

curr_A 0 S \ :I'

curr_B 0 - —L
curr_sum 0 =3 o [ ‘QT'
prev_sum 0 O -, >,
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A [OletAa D‘| adder propagation delay = 600 ps
1— . QI_ @ > clk-to-q delay = 50ps
Cycle 1: 18 + 7 & L ;g curr_A - clock period = 650ps
—bc Y
T—en 0— \
nri=e P
650 ps 1300 ps 1950 ps 2600 ps

_I_I_I_I_I_I_I_I_I_I

Signal
next_A 18
next_B
curr_A 7
curr_B

curr_sum 14

prev_sum 0
17




A [Oleetl s adder propagation delay = 600 ps
1 clk-to-q delay = 50ps
Cycle 2: 30 + 8 oy R Y ——— clock period = 650ps
Te=—dcn () e [ Te=—dcn
—1 Reg Add Reg
650 ps 1300 ps 1950 ps 2600 ps
Signal
next_A 30
next_B 8
curr_A 18
curr_B 7
curr_sum 25

prev_sum 14
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A [OtArs adder propagation delay = 600 ps
-1 clk-to-q delay = 50ps
Reg clock period = 650ps
CyC|e 3 15 + 30 [0 rfext B = curr_Aa SC“”—SUWD prev_sum P P
$ b §| ur b4 C OvY
1=cn OQ—c 1=cn
— | Reg Add Reg
650 ps 1300 ps 1950 ps 2600 ps
Signal
next_A 15
next_B 30
curr_A 30
curr_B 8
curr_sum 38

prev_sum 25

21




O next A =

C adder propagation delay = 600 ps
1= g clk-to-q delay = 50ps
: ext_B U A CUMT_SUN__ prev_sum clock period = 650ps
Cycle 4:20+30 s Og s EI_@) y
—1 1 eEeg 0— cAdd 1= eEeg
650 ps 1300 ps 1950 ps 2600 ps

_I_I_I_I_I_I_I_I_I_I

Signal

next_A 20

next_B 30

curr_A 15

curr_B 30
curr_sum 45

prev_sum 38
23




next_A
A O_—|D

C adder propagation delay = 600 ps
1= g clk-to-q delay = 50ps
. _ curr_A . v . _
CyCIe 4: 20 + 30 B OE E il Sum%”‘y clock period = 650ps
1=—cn (e 1=—fcn
— Reg Add Reg
650 ps 1300 ps 1950 ps 2600 ps

_I_I_I_I_I_I_I_I_I_I

Signal

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
24




Clock Period = 650ps

0 ps 650 ps 1300 ps 1950 ps 2600 ps
l l ] ]

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




Comparing Clock Periods

m Our circuit functioned correctly at both of the clock periods we
tried

- 650ps and 700ps

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

26



Ex3: Clock period = 500ps, clk-to-q delay = 50ps,
adder propagation delay = 600ps
_fﬂ‘




A [O}=2 idder propagation delay = 600 ps
3? Q e DOPS clk-to-q delay is 50ps
CycleO&1:7 +7 S | G 7 R ) clock period = 500ps

C rlext B pe= - - 5 prev_sum
)| b\ ofu b | v Y -
1=—cn C 1=—cn
Add

Reg

500 ps 1000 ps 1500 ps 2000 ps

_’!rl_/]_l_l_l_l_l_l_l

Signal Starting State

next_A 0 ? - | = / 8‘

next_B 0] :_ \ _-‘:Iz 7_ \ ?

curr_A 0 O Y 9. - 2~ IS

curr_B 0 O —F 1 %
curr_sum 0 ') o —) ) 7 7
prev_sum 0 ¢ O "Cj" ) '.I '7 )




A [Olllrs adder propagation delay = 600 ps
-1 clk-to-q delay is 50ps
CycleO&1:7+7 L. " s cursum o clock period = 500ps
B 1O v §| awr B ' Ov
Te=en O—t. Te=en
—.1 Reg Add Reg
500 ps 1000 ps 1500 ps 2000 ps

_I_I_I_I_I_I_I_I_I_I

Signal Starting State

next_A 0 7 7 18 18
next_B 0] 7 4 7
curr_A 0] 0 7 18
curr_B 0] 0 7 7
curr_sum 0] 0] 0 ?7? ?7?
prev_sum 0 0 0 0 ?7?
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Clock Period = 500ps

0 ps 500 ps 1000 ps 1500 ps 2000 ps
l l ] ]



Clock Period = 500ps

m Our circuit does not operate correctly with a period
of 500ps

m Why?

- The adder cannot finish its operation before the
next rising edge of the clock

— The output register ends up reading garbage

31



Take Away: How to determine the minimum clock period?

32




Take Away: How to determine the minimum clock period?

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

—33




Min Clock Period

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

34



Min Clock Period

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

In one clock cycle, we need to read the input registers, compute their sum, 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.

55



COMPUTER
- PERFORMANCE

He said, we need t
squeeze the clock

2,225




Why study performance?

Helps us to make intelligent choices

e Helps us see through marketing hype

e Affects computer organization

(pipelining, caches, etc.)

Why is some hardware faster than others?

What factors of system performance are hardware related?
o Do we need a new machine,

O more memory

O a better compiler

O oranew 0OS?
e How does a machine’s instruction set affect its performance?

37



Performance Metrics

F 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?
m Throughput:‘The rate 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?

-

G

~

By running a program on 20 different input
files on the fastest available processor,
what performance metric do we improve?

| Y

Id&eﬁMJE/

4 )

By running our program simultaneously on
20 CPU’s, each assigned an input file, what
performance metric do we improve?

9 \ Y

TR e




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

2L



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
—/\fk'/ ratio of CPU-cost to number of instructions
— executed per sec.

Performance/Watt instructions per second
per watt

40



—\Execution Time

Elapsed Time/Wall Clock Time

counts everything (disk and memory accesses, |/0, etc.)
a useful number, but often not good for comparison purposes

%}PU time

Doesn’t include /0 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

41



Definition of Performance

For some program running on machine X,

Performancey = Program Executions / Timey (executions/sec)

o

"X is N times faster than Y"

Performancey / Performancey = 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

42



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):

e L A A A Y
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 al/(200 * 10°) = 5.0 x 10 = 5 nS cycle time

(. )

Overclocking: improves performance
(seconds/program) by decreasing the cycle time
(seconds/cycle), while hoping that the functional
blocks continue to operate as specified.

\ J

43



Standard Computer Performance Measures

Millions of Instructions per Second Frequency in Hz

B -1 clocks / second /
10° clocks / instruction

CPI (Average Clocks Per Instruction)

44



How to improve performance”?

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

T = _16 clocks / §econd |
10° clocks / instruction

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

- S TT——
!..L the # of required clocks for a program, or

J/ the clock cycle time or-'-—séTa’aﬁ_orher way, \j\

/ﬁ the clock rate.

‘\J/ the CPI (average clocks per instruction)

oYt~ C\od< c—lles

45



How to improve performance”?

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

T = _16 clocks / §econd |
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)

46



PIPELINING




Recall: Min Clock Pd + Max Frequency

Min Clock Period 1
_~

—-K_/-?-%

clk-to-q delay + longest combinational delab

Max Clock Frequency

1 / min period
e

(

The longest combinational
path is the critical path or

two registers that has the

\

sequence of gates between

maximum propagation delay

48



Single-Cycle: Longest Combinational Path

SHFD

Clock-to-q delay = 20ps
Adder propagation delay = 480ps

SO
ED
ﬁ cs 1@ Q'—©Y

AlD X1 4
lo—fcn |
q Reg
B[O u-.'-

Vd 1=—fcn
Reg

D
clo 1C X
4 eg
E 1ﬂen ‘
Reg

E-

Longest comb path = 480ps + 480ps = 960ps

*In this example, all paths
between the two sets of
registers are the same length

49




Single-Cycle: Longest Combinational Path

bC O
1=cn
Reg
% .
B E 1 DC ) Add
EEeg , =
—— C O |@| Y
U en
C E - DC ] Add Reg
i /
- J *In this example, all paths
D |§ DC ] . between the two sets of
1=—fcn registers are the same length
Reg

i ———

Longest comb path = 480ps + 480ps = 960ps
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Single-Cycle: Min Clock Period = Critical Path

Al

ljlen ‘

Reg

D
C
1
Reg

0

a

S

L

Clock-to-q delay = 20ps
Adder propagation delay = 480ps

[o-

1jlen ‘

Reg

Qe

\

Min clock period = clk-to-g delay +|Iongest com@ = 20ps + 960ps = 980ps




Clock Period

m At which of the following clock periods will the previous circuit work
pro ?

- 960ps

4000ps

52



Clock Period

m At which of the following clock periods will the previous circuit

work properly?

- 1000ps
- 960ps

Any clock period greater than or equal to
the min clock period

- 2000ps
- 4000ps

53



Pipelining

The previous circuit is referred to as a single-cycle
Implementation because it completes one operation within
a single clock cycle.

We'll improve the performance of our implementation by
using a technique called pipelining

We'll break down our circuit into two stages that can
operate simultaneously

This will make more efficient use of our hardware

54



Pipelining

AlO D
[O e q
1=—en
Reg D
a S
b chk >C Q
0—__ 1 1—en
B |§ 5 Add Reg
1=—en
Reg
a S
5 b ¢, 1
c O . Add
1=den
Reg
a S
b ¢}
o
D o B) Add
> C ()
1=fen
Reg
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