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Sequential Circuit (IR

B)EL O RAADENE

3
« IEFEETIE, 7097 ESISHTEHILORAFIDEEZELE L(ﬂﬁﬁ'ﬁ'é:tb‘“i%‘%%

« LPRAF.VAVIIEBDILE ENYDEAIUT TANBDEEZIE
(sampling)L T, PLENTEGLI-EZH DRICE T B,

o LPRADMEHTIL. initial ° always TRAAIUTZHRET HIE,

e ZHDEDVA—INDEREEZD,

module m_main

w_clk

module m main (w_clk, w_led);
input wire w_clk;
output wire [3:0] w_led;

reg [3:0] r_cnt = O;
always @(posedge w_clk) r_cnt <= r_cnt + 1;

assign w_led = r_cnt;
endmodule

1
—>
+
4 4
, | r_cnt , w_led
7 > 7

[3:0]
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A 0 ADTS | N 0 NDOFFS
B W BORS | O 0 0D
C o CORGS | P 0 PORS
D 0 DOFS | Q 0 QRS
E 0 EOFFS |R 0 ROFTS
F W FORS | S W SOFS
G W GRS | T 0 TORS
H 0 HDORS | U 0 UDRTS
I 0 [DOFRS |V 0 VORTFS
] 0 JORS |W 0 WDRS
K ) KOS | X O XDFFS
L 0 LORS | Y 0 YORS
M 0 MOFTS | Z 0 ZOFS
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UART (Universal Asynchronous Receiver/Transmitter)
i\&‘
7-6:

o RALSREARICEBVUTIVESZENSUIIESIZE#RLIZY. ZOHEAROEREH
SEREMBREZUARTEES, SE YR (ISR BRI TTF—4%%(E-21E9 5,
« UARTZAHWAIET.FPGALOVE1— 3D TOHEFELGT—RBEENTTEE,
o PIZIE.'d EWVSXFEEZEETHES. 'd (£ 8'h6l, 8'b01100001 (RRSAFMDASCIT
TableZS )N T, TRIDAASVT TEEHETXDEFIEHT 5.
o« TANEEINSIETEEHRTXD £1L9 5.
9. BBTERLEO (CHERI—FEYREMESR)ZXIET HET, T—FEEDFHAIREATR.
RIZ. BB TRLUEHITEE LT —4 8'b01100001 DR TFRE YR SIESEITEET .
« RRZBIZ. FBETRLIEU(CAEZEANTEYREER) ZEIET 5.
o 1IEYMEERETH-ODORHBERIEEEFERMEZERTRICL—FAWS. ChExh—L
—bk (baud) EFESS. 1% (X, 1000 baud THNIX, 1EYMEEDMRIE Imsec £745.

Start
bit

TXD 1 Bl :/0/ofojof1][1/o]] 1

Stop

o bit
ﬁ Time
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ASCIT Table

Dec Hex Oct Char |Dec Hex O0Oct Char |Dec Hex Oct Char |Dec Hex Oct Char
0 0 0 32 20 40 [space] 64 40 100 @ 96 60 140 :
1 1 1 33 21 41 ! 65 41 101 A 97 61 141 a
2 2 2 34 22 42 " 66 42 102 B 98 62 142 b
3 3 3 35 23 43 # 67 43 103 C 99 63 143 C
4 4 4 36 24 44 % 68 44 104 D 100 64 144 d
5 5 5 37 25 45 % 69 45 105 E 101 65 145 e
6 6 6 38 26 46 & 70 46 106 F 102 66 146 f
7 7 7 39 27 47 ' 71 47 107 G 103 67 147 q
8 8 10 40 28 50 ( 72 48 110 H 104 68 150 h
9 9 11 41 29 51 ) 73 49 111 | 105 69 151 I
10 A 12 42 2A 52 * 74 4A 112 J 106 BA 152 j
11 B 13 43 2B 53 + 75 4B 113 K 107 6B 153 k
12 C 14 44 2C 54 . 76 4C 114 L 108 6C 154 |
13 D 15 45 2D 55 - 77 4D 115 M 109 oD 155 m
14 E 16 46 2E 56 . 78 4E 116 N 110 6E 156 n
15 F 17 47 2F 57 ! 79 4F 117 Q 111 oF 157 o]
16 10 20 48 30 60 0 80 50 120 P 112 70 160 p
17 11 21 49 31 61 1 81 51 121 Q 113 71 161 q
18 12 22 50 32 62 2 82 52 122 R 114 72 162 r
19 13 23 51 33 63 3 83 53 123 S 115 73 163 s
20 14 24 52 34 64 4 84 54 124 T 116 74 164 t
21 15 25 53 35 65 5 85 55 125 U 117 75 165 u
22 16 26 54 36 66 6 86 56 126 A" 118 76 166 v
23 17 27 55 37 67 7 87 57 127 W 119 77 167 W
24 18 30 56 38 70 8 88 58 130 X 120 78 170 X
25 19 31 57 39 71 9 89 59 131 Y 121 79 171 Y
26 1A 32 58 3A 72 : 90 S5A 132 Z 122 TA 172 zZ
27 1B 33 59 3B 73 ; 91 5B 133 [ 123 7B 173 {
28 1C 34 60 3C 74 < 92 5C 134 ! 124 7C 174 |
29 1D 35 61 3D 75 = 93 5D 135 | 125 7D 175 }
30 1E 36 62 3E 76 > 94 5E 136 -~ 126 TE 176 ~
31 1F 37 63 3F 77 ? 95 5F 137 _ 127 TF 177
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)T ILBIEIZEKSHEEEE m_uart_tx

AT LH0v%5 100MHz. IMbaud £ F 9 5% (E [ 18

“default_nettype none
“define UART_CNT 100 // UART wait count, 100MHz / 100 = 1Mbaud

module m_uart_tx (

input wire w_clk, // 100MHz clock signal
input wire w_we, // write enable
input wire [7:0] w_din, // data in
output wire w_uart_tx // UART tx, data line from FPGA to PC
)s
reg [8:0] r_buf = 9'b1 1111 1111,
reg [7:0] r_cnt = 1;
always @(posedge w_clk) begin
r_cnt <= (w_we) ? 1 : (r_cnt=="UART_CNT) ? 1 : r_cnt + 1;
r_buf <= (w_we) ? {w_din, 1'b@} : (r_cnt=="UART_CNT) ? {1'bl, r_buf[8:1]} :
end
assign w_uart_tx = r_buf[0];
endmodule

module m_main (
input wire w_clk, // 100MHz clock signal
output wire w_uart_tx // UART tx, data line from FPGA to PC

)
code20l.v reg [31:0] r_cnt = @;
always @(posedge w_clk) r_cnt <= r_cnt + 1;
wire w_we = (r_cnt[23:0]==0);
m_uart_tx m2 (w_clk, w_we, 8'h6l, w_uart_tx);
endmodule

/* code201.v for CSC.T363 Computer Architecture Archlab, Institute of Science Tokyo */
KKK KKK K K K oK oK oK oK ok ok ok ok ok ok ok ok ok ok o o o e o o e o o o e e s o o o o o o o o o o oK K K K K K oK oK oK oK oK oK oK Sk ok ok sk ok ok sk ok ok o s s s o o sk sk sk sk sk sk ok ok ok ok

/K KoK ok o sk o ok o ok o ok o K s ok ook sk sk o K ook o K o K ok o K o K sk K R K R KR K sk R K K K R K K sk SR SRR KR K sk R sk KRk ko KRk ok ok

/KKK ok o K o K o ko K o K o K oK o K Ko K ok o K o K o K o K K K K K K KK R K K K K KR KK KK KRR K KR K Ko KRk ok ok
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codeQl17.v £

o codeO17.vE#L3IaL—2a LT . FDXRTEERTHL.

© EVA—IWNBREAVAZVAZZERIBLT, AHAIRFRZINET . JIFEL-EF CTEREN ETRINDS.

o CEZOBMMEUHLIZEUTWLWS. ZOHITIE m_mux ELVDIED2A—ILBDAURAEZU R m_mux0 4

—ILDARAZ AL

L. m_topEPa1—ILD a,b,s, cEAVARIVA m_mux0 M a, b, s, c ITHEKELTULNS.

<

codeOdl

7.V

\

module m_top ();
reg a, b, s;
wire c;
initial begin

#10 s

#10
#10
#10
#10
#10
#10
#10
end
alway

m_mux m_mux@ (a,

endmodu

module m_mux (a,
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A

$display("%2d: %d %d %d -> %b", $time, s, a,
b, s, c);

e o e we Wwe W

e

input wire a, b, s;

output wire c;

assign c = s ? b :

endmodu

le

a;

C O OCOCOCOCOC O

(1) (2) (3) (4)

b, s, c);

AN N AN AN AN AN

AN A

P OFRPROCFROFRLO®
-

e

e weo e we Vwe W

e

b, c);

S (3)
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(1)a -

(2)b -

Simulation output

s, a, b C
11: [e][e] @ -> ©
21: (0||0|1 -> o
31: [0(|1|0 -> 1
41: |ol|1|1 -> 1
51: (1] @ [0] -> ©
61: 1| 01| -> 1
71: 1|1 (0| -> @
81:(1/1(1 -> 1




Growth in clock rate of microprocessors

ey,
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Intel Nehalem Xeon |
3330 MHz in 2010

Intel Pantium4 Xeaon
3200 MHz in 2003

Intel Pentium (1|
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Digital Alpha 211644
500 MHz in 1996

Digital Alpha 21064
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Figure 1.11 Growth in clock rate of microprocessors in Figure 1.1. Between 1978 and 1986, the clock rate improved
less than 15% per year while performance improved by 25% per year. During the “renaissance period” of 52% perfor-
mance improvement per year between 1986 and 2003, clock rates shot up almost 40% per year. Since then, the clock

rate has been near
22% per year.

K CSC.T363 Computer Architectu
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Growth in processor performance

Performance (vs. VAX-11/780)

\——"\-,—\ — —

100,000
Intel Xecn & cores, 3.3 GHz (boost to 3.6 GHZ)
Inter| Xeon 4 cores, 3.3 GHz (boost ta 3.6 GHZ)
Intel Core i7 Exrems 4 cores 3.2 GHz (boost to 3.5 GHz 24 150
Intel Core Duo Extrems 2 cores, 3.0 GHz - qugﬂ
1 I:I GI::JII:I' Intel CGare 2 Extreme 2 cores, 2.9 GHz
by B L C L b L L DRI e SR e e e e e e e e R R ! J.mlnnﬁq-zBGHz
: BII%I Icﬂ E & GHz $
Intel Xeon EE 2.2 5 7,108
intel DRSOEMYA matherboard (306 GHz, Pemtium 4 processor with Hyper-Threading Technolagy) ﬁ.ﬂ-ﬂ 6,681
IBM Powerd, 1.3 GHz g 4195
Intel VB0 mothadoard, 1.0 GHz Fantium 1l processor : ; S018
Professional Werkstation XP1000, 687 MHz 212644 L
e va e PigitE] AlphaServer 8400 /TS, 575 MHz 21264 1,267
1000
22%/year
Jig e i R e . AT i, .
IBM RSE000/540, 30 MHz,
MIPS M2000, 26 MHZ
MIPS MM120, 16.7 MHz T3
10 e s
A&X-11,780, § MHz
T

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

From CAQA 5t edition
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Which is faster?

\
From Tokyo to Hiroshima x

Time Max Throughput
Cost Speed Passengers (P x Tr'igs/pDay)
: 1:20 1,530
Boeing 737 32,000yen 800km/h 170 (170 x 9)
: 4:00 3,900
Nozomi 18,000yen 270km/h 1,300 (1,300 x 3)

+ Time to run the task (ExTime)

- Execution time, response time, latency

- Tasks per day, hour, week, sec, ns ...
(Performance)
- Throughput, bandwidth

@v From the lecture slide of David E Culler ~~~
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 11




Defining (Speed) Performance X
\

Normally interested in reducing

Response time (execution tfime) — the time between the start and the
completion of a task or a program

Important to individual users
Thus, to maximize performance, need to minimize execution time

performance, = 1 / execution_timey

If X is n times faster than Y, then

performances execution_timey
-------------------- = e e (|
performancey execution_timey

= Throughput — the total amount of work done in a given time
= Important to data center managers

= Decreasing response time almost always improves throughput

~ A=
12
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Pipelined Processor

* Non plpelmlng BPM 7 8 9 10 11 12 1 2 AM

(Multi-cycle)

& PM 7 8 9 10 11 12 1 2 AM

-
ime—— S I I N R

Task l

» 0=l
(A=
c Dol
| o T5=M

@@;dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo

* Pipelining




Pipelined Processor

Program
execution . 200 400 600 80O 1000 1200 1400 1600 1800
order Time ' ' I l | | | . —
(in instructions)
w $1, 1UD{$D} Insftg;ccﬁiﬂﬂ Heg- aE:é:s Reg
w $2 2[)[)($[)}‘- 800 ™ | Instruction Data
' pSs fetch |9 access |9
Iw $3, 300($0) = 800 ps nstucton
Y B —— .
800 ps
Program
execution —. 200 400 600 800 1000 1200 1400 -
order Time ! I l T T T T »
(in instructions)
w $1,100$0) || | meo (D Reg
- .
w $2, 200(80) 200 ps || |reo (| o2, [Rec
| .
w $3, 300($0) 200 ps | "5 aeo ([ D2, [Rec
Y —t - -~ e S
200 ps 200ps 200 ps 200 ps 200 ps

@%dapfzd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Performance Factors %\%
\

Want to distinguish elapsed time and the time spent on our task
CPU execution time (CPU time) : tfime the CPU spends working on a task
Does not include time waiting for I/O or running other programs

CPU execution time _  # CPU clock cycles .
= x clock cycle time
for a program for a program
or
CPU execution time  ____# CPU clock cycles for a program __
for a program clock rate

= Can improve performance by reducing either the length of the clock cycle
or the number of clock cycles required for a program

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 15



Performance Factors

CPU execution time # CPU clock cycles for a program

for a program clock rate

Performance = clock rate x 1/ # CPU clock cycles for a program

Performance = f x IPC int flag = 1.
f: frequency, clock rate
IPC: executed (retired) instructions per cycle int foo(){
while(flag):
}

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Pollack’'s Rule

\

* Pollack’s Rule states that microprocessor
"performance increase due to microarchitecture
advances is roughly proportional to the square root of
the increase in complexity".

Complexity in this context means processor logic, i.e.
Its area.

« Superscalar, vector
« Instruction level parallelism, data level parallelism

~ =
! 17
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From multi-core era to many-core era

EV6 EV6 EV6
Ev4
EVE- EV6 EV6 EV6
EVS
EVE EV6 EV6 EV6

Figure 1. Relative sizes of the cores used in
the study

Single-ISA Heterogeneous Multi-Core Architectures: The Potential for Processor Power Reduction, MICRO-36

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Power within a microprocessor X
\

« Powerdgynamic = 1/2 x Capacitive load x Voltage ? x Frequency switched

. denamic: 1/2xCxVexF
« Power required per transistor

« The first 32-bit microprocessors like Intel 80386 consumed less than
Two watt.

« 3.3GHz Intel Core i7 consumes 130 watts.

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 19



From multi-core era to many-core era

e, ———

<

—

Many-core Era
Massively parallel
applications
: 100§
Increasing HW
Threads
Per Socket Multi-core Era
104 Scalar and
parallel applications
HT
14 g
[ [ | [ [ [ [ [ [ [ [ [
1 | 1 1 1 1 1 1 1 1 1
2003 2005 2007 2009 2011 2013

Figura 1: Currant and expacted eras of Intal® processor architectures

Platform 2015: Intel® Processor and Platform Evolution for the Next Decade, 2005

SC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Intel Sandy Bridge, January 2011
T —— —

4 t0 8 core

. Processor
Graphlcs

m Memory Controller 1/0

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo

System
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Memory

" Controller

including
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and Misc. /O
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\

FlynnlZ k488G &T—2DRNITEH L=k 55T FE i
D538 (1966 %)
SISD (Single Instruction stream, Single Data stream)

SIMD( Single Instruction stream, Multiple Data stream)
MISD (Multiple Instruction stream, Single Data stream)
MIMD (Multiple Instruction stream, Multiple Data stream)

Instruction stream 1 1 uu uu
Data stream 1 llll 1 1111

SISD SIMD MISD MIMD

~ =
@ 22
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\

FlynnlZ k488G &T—2DRNITEH L=k 55T FE i
D538 (1966 %)
SISD (Single Instruction stream, Single Data stream)

SIMD( Single Instruction stream, Multiple Data stream)
MISD (Multiple Instruction stream, Single Data stream)
MIMD (Multiple Instruction stream, Multiple Data stream)

) 00 "

MIMD

5= S /S S/
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UART (Universal Asynchronous Receiver/Transmitter)
i\&‘
7—6:

o RALSREARICEBVITIVESZENSUIESIZE#RLZY. ZFOHEAROEREH
SERMBREZUARTEES. 8E YR (INAR) B TTF—4% 2 E-2(ET 5.
e« UARTZAHWAILET.FPGALOVE1—ADBTHOHFELET—RBEENTEE.
o PIZIE.'d EWLVSXFEEZXIETHES. 'd (£ 8'h6l, 8b01100001 (RRSAFMDASCIT
TableZS )N T, TRIDAAZIVT TEEHETXDEFIEHT 5.
o TANEEINDIETEEHRTXD £1L9 5.
9. BBTERLEO (CHERI—FEYREMES) ZXIETHET, T—FEEDFHAIREATR.
RIZ. BB TRUEHISEELZLT—4 8'b01100001 DR FHE YA SIEEICEIET S.
« RZIZ. FBETRLEI(CHEANTEYREES) ZFEET 5.
o 1IEYMEERETH-ODORHBERIEIEERMEZERTRICL—FAWS. ChExh—L
—bk (baud) EFESS. 1% 1L, 1000 baud THNIX, 1EVMEEDMRIE Imsec &4 5.

Start
bit

TXD 1 Bl :/0/ofojof1][1/o]] 1

Stop

o bit
ﬁ Time
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)T ILBIEIZKSZIEEIEE m_uart_rx

o VRATLYBvYY 100MHz, IMbaud #EE ¥ 525 [E11K.
« RELBEYLDT—%% r_dout [CHAL. EDIEFEAST=OIZ r_en 12T 5.

module m_uart_rx (

code202.v input wire w_clk, // 100MHz clock signal
input wire w_rxd, // UART rx, data line from PC to FPGA
output wire [7:0] w_char, // 8-bit data received
output reg r_en = @ // data enable
)s

reg [2:0] r_detect_cnt = @; /* to detect the start bit */
always @(posedge w_clk) r_detect _cnt <= (w_rxd) ? @ : r_detect_cnt + 1;
wire w_detected = (r_detect_cnt>2);

reg r_busy = @; // r_busy is set while receiving 9-bits data

reg [3:0] r_bit 0; // the number of received bits

reg [7:0] r_cnt = ©@; // wait count for 1Mbaud

always@(posedge w_clk) r_cnt <= (r_busy==0) ? 1 : (r_cnt=="UART_CNT) ? 1 : r_cnt + 1;

reg [8:0] r_data = 0;
always@(posedge w_clk) begin
if (r_busy==0) begin
{r_data, r_bit, r_en} <= 0;
if (w_detected) r_busy <= 1;
end
else if (r_cnt>= “UART_CNT) begin
r_bit <= r_bit + 1;
r_data <= {w_rxd, r_data[8:1]};
if (r_bit==8) begin r_en <= 1; r_busy <= 0; end
end
end
assign w_char = r_data[7:0];
endmodule

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



