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Hierarchical Architecture Design of Computer System

LIN Chuang XUE Chao HU Jie LI Wen-Zhuo
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Abstract Computer system is composed by several layers and sub-systems which link with each
other with complex interactions between them. The overall architecture design of computer system is
very important. Many design principles were proposed during the evolution and development of
computer system architecture, among which hierarchical architecture design is an efficient way for
large system design. Since the literature elaborated by Dijkstra, hierarchical architecture design
principle of computer system architecture has been proposed for many years, and it is an important
part of computer system architecture design. Hierarchy design exists widely in computer science

and system, such as computer architecture design, network architecture design, cloud computing,
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network virtualization, software engineering and many other branches. Computer science and
technology is evolving and renovating with a high frequency, and it is extremely important to propose
a general model framework and design mechanism for hierarchy design. Though some literatures
have been explored on hierarchy design of system architecture, few works explored the essence of
the principles and the methods of hierarchy design, let alone general model framework and evaluation
metric. The main insufficiencies appear as follows: (1) the descriptions of hierarchy design lack
of formal descriptions; (2) the analyses of hierarchy design mainly focus on specific system and
application lacking of understanding on the essence of the principles and the methods; (3) the
models of hierarchy design are also limited to the target system lack of general model framework
and evaluation metrics. This paper shed lights on these mentioned issues of hierarchical architecture
design of computer systems in the following procedures. Firstly, the basic concepts and preliminary
formal definitions related to hierarchy design are given. After that, this paper surveys the state of
the arts of hierarchy design through four categories named as hierarchy model design, hierarchy
component design, hierarchy cross-layer design, and hierarchy overlay design respectively. Hierarchy
model design includes description model and quantification model giving mathematical description
and deduction to specific characteristics of the target system; Hierarchy component design
abstractsa given substructure of the target system into a simple one with its core function; Hierarchy
cross-layer design generates new virtual links and interactions beside the original hierarchical
structure for specific demands; Hierarchy overlay design uses virtual nodes and logical links to
form a flexible virtual plane. On that basis, the essence of basic concepts, design principles, main
mechanisms, and implementation method of hierarchy design are explored. We summarize simpli-
fication and efficiency as two essential principles. They also imply the objectives of hierarchy
design at the same time. These two principles are achieved by abstraction mechanism and virtualization
mechanism which are formally defined by plane mappings. Accordingly, we establish an
evaluation framework for complexity and performance of hierarchical structure, give their formal
expressions, and obtain some theorems. This paper also makes essential introduction and discussion
on the hierarchical structure of three typical systems, i. e. super computer system, software defined
network, and cloud computing system with complexity and performance evaluation methodology.
Conclusion and prospective future research challenges are summarized at the end of this paper.

Keywords  computer system; architecture; hierarchy design; model evaluation; abstraction;

virtualization; complexity; performance
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ReR, FEF, we W

MATHR A RS54 )2 BT B AE— A2 R ) X
R e RARAIC A T 80 1) B 55 i T 5 . g — )2 6
— A R A IR) R 1 IR) R A ] A A )2 ] 1A
BB R — A T SRR AR N AR L AE B Gk
FNFB 43 e+ SR J5 3 2 Jr) 35 B3 0 K B ke o N o
AL IS 1T 22 Jm) B 05K fif

53 2 B AL 73 e 2R Y & SCAL & AN D7 T, 2
B4k 4k (Layer As Optimizer, LAO) F1 4y 2 B > i
(Layering As Decomposition, LAD). JZ BI{E4b ¥ 5
SE JZ A AE > Bl 10 2R 0 A ) et S R A SR A
S XeF L A FH oA A 3 7 % 5 Zhao 48 AP Cai
S NPT T IR 1) TR RN S 1) AR AR EL . 4 )2
BV figf A 55 R 1) 3 PR AR 1) S i8R A 1) 0 e R s
JE J2= W LA 0] LA J22 N 552 B 2R 3 A XA Ak 0] i, 35
FAEA B GR F G 1a) o i R 2 RE R 73 B A [R) A e
Matni % M58 5 45 A =00 Ak 4% i 20 4 1 &
S NEZRYNEAE 0 R = K/ o | B T W
FE R A 2 B WF 9T 2 W S5 A8 1) 30 25 1 Ak 42 ol ] 7L
3.2 R

BB — R B RS B AR
MR, ERHBEREHHE RS2 2 T4
O DI BE LA B — B D A5 H il GO0k 52 B, ok S A P f
JE IR S5 A K] 43 S PR 43 5 3% PR AR 43 Z TR] A 32 HL.
R 2 Bl R b2 AN TR AT S B SR ) i ] LA
RIGUCH TR A R A, B R &5 2
IKEEMTER PR IR AR 727 iR L1 s (Hourglass)
TEAR 548 X R S5 M A TE T 2 Fh 2 IS5 M v,
PRI LSS5, i Bt G R s BARE H L 2
UG BT B AT A i 2= 187 1) PP 007 P ) B
RV J22 T ) 9 98 0 3 A 1 B B ik ST A 80K R - DT
P& RGN BAERAEE 9 A8 B A P R P B
JE YA 2 BB B AT B e R GE R S TE— R &%
PERNEREE T 2 B B A R g 2R 3 Y OSI
A,

DA TS R R A — A SRR A AR T )2
U BETT. PR T 5 AR R A A 0 — > T2 )2 I 4
¥ 40 35 4 38 )2 (Fabric) | 3% 2 /2 (Connectivity) |

(9

%R JZ (Resources) | JL 4 JZ (Collective) Fl i Al JZ
(Application). B i )22 Fl % 4% J2 H iy %% I % £2 D)
ORI JE B0Z O PR 2 A8 T A [ B 9 0 3 =2, 5
P2 PR SO R 1 15 A B T PT A S At A1) B 25 & it B
FTEA I 2 & P A& RSB A BE IR S B JF HAT A
E S b AT S NP R A S R T Y IR 55
e,

OSI Z2H BIRU A FF X B R G4 it T — 1
T )ZE IR 2 2 R TR R
RIEFPLZTEN L2 )2 KA MAESR. OS] L)z
R A S B ¥ 285 v 3 T A A0 L R0 8% J2 Ay R e >
U 2848 AN 3 26 B 7S o (A5 0 2% J2 A8 e il 2 2 IR
R A, RECT91Y H 45 51 304 X k) 2% 2 1P
PRSI 20 57745 G5 R8) AT 1 38 AR R % I 2% 2 1) %
O UIRER R AE— /NS B LA & b 75 7 {0
AT A W 28 2 2 5 B 2R W B2 N IR, XA
BHEOR 12 & 25 A 1Y W HTER B % 5L T TP PR
HoAR S [l 721 TP sk 78 F 2 44 XS A M 2%
IBATH TP 4% Ry Sy R P AR R
2R A TE AT ) 46 vh A% da 45 5 L 45 T A RO B AR
— 3 BARAVF 2 PR LURL TP Pp i 3L A7 H R —
DU A 1 B 2 fif TP PSR i A 3 ) 1z

SMTP HTTP RTP.. %

IP UDP P2P BCast...

TCP UDP...

Ethernet PPP...

CSMA async sonet...
copper fiber radio...

K3 1P Ml NDN f v i i =

Akhshabi 28 A" #2 H T EvoArch #5134 HE
ZRONS B IGE I Bp ISOAR 1) 2= UK 6 AL R AT BEOR o A A E
M s SRR 1 )2 B 208 W4 T & B RS AT P
WO B — ™ 2 UK 25 4 19 AT [ JC 3R &L 6 B UAR R
(9 PP LR 1 8543 A1 A BRSO X 7 1 J2 v s o R 55
FETR g — A [ i 4. X R B 2 B ] Bl 25 8 Ak
89 o B B AT LA BRI S A B B T R AT R
w L LJZRTIRES P, FIZIGHES S, AllA 2 5%
GG Co M T pE P FAEA 10 L Cus p) s X T
SES, AFEA ERE s X F s€C Ly [ PN P/

Individual apps
Every node

Individual links

coper fiber radio...

[P =c ot e sa g B, B — 1 N S 2

@ https://tools. ietf. org/html/rfc791
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FR B BUTIR L 3R A% — AN, I FL 75 2 DAL Sy 36 il 0 AH
[7) J2 00 A B 350 55 4 V3 E B M 45 A 0 5 4 A
FEXWT .

’szwx I(w) < L

v(u) = < rePw ,
1, () =L (10)
e o< r<<1

])d(r) = {
0, r>1

BET B RS [0 28 B ISR IR N 8] 22 Ak 1 35 ik
R HEAT I3 AT 25 H B ESLJZ OB Y v > Yl 45 4 A
VAN R Ul 02 1 R TA £ 00 VK E N B0 I B A i
S 5T [A) I S H 22 b R AR At AR E A2 M 55 9
XF TR R 2 A [ A i B

By b TP BV T A5 B AR 22 A 4 5 L QoS
LAREMB I ERA R . B &80 =BT AR R
P 465 1A 2 44 9 B HL. 4 Popa % A Ak T LA
HTTP Pl AF Ay 41 I 18T %) W 46 4 R 4840, B
AN =2 B 3 1 2. 15 2 H 0 Mg (ICN)P 3
VF 22 2H U5 R At T IR AT 0 26 1K 2% 45 4 ) [ L. G
i NDN (Named Data Networking)M" % & 3k JF F
FIAD i) — 4~ HA R E MR T H. NDN df5 2l CCN
(Content-Centric Networks) , B i /2 K 28 1 [F] k£ 2
W 3 A RTINS . 5 1P M4 A 7], NDN AR
T i 44 10 8% vh A O AOK BRI R SR Y I 4%
b 1l e R L XoF 0 2% 2 sty 1) A% Sl M B S R ) R A
HRFHRBEW A RS W] I NDN T 4 £ 1 £ 8l 1%
iy 7 2O Bt AR B B AT R0 4 44 AN R ARAIE 1R B
(10 58 4 P A S
3.3 EREBERIT

JEIR AR E ) R h il E it — P58, 1L
TR T I 28 4 JR Sl v o TO R B B S AT 5 9 R 1
T A BT A5 1 7% SRRk L TC AR AF IE 1 T R R
S5, P B I A W 2 B ok it — 2D MU

JE2 R 2 BT (Cross-layer) 248 J2 IR 45 14 % J=
Z ISR A B R R IR G AEA AR Z Z
5] 7€ SO A% BT 2 O F I 4 1 AR 554 0l A 7
VFAEAR SR 2 Z (A 1 B 42 58 .. 2 R 2 Bt i i
SE 2 25 Fo A 2 SR AL Y AR A 1T RSB0 T AT R IR
SRV AR O A 2 OB Y Bl O 5 AR 2
e BBt 3 T3 m ARG PERE M B AR 2 s 2
BT i I SR A — > T AR Y B TR A G A TR
LR R RGN E . B RE 2R R R s
—MOA RGE WA R R E TR ik, 5
iSO 2 /)2 B2 LAD A58 4 [

Srivastava ¢ NPV R T B 2 &I 6 Rl 4k
R AnlE 4 B JF BOR e T 9 3] 4 F 2 B )= 3
I (D REEBT A3 H L AA~Cs (2) G IF AR
)2, B 4D; (3) Wi BCA 5 1 2R 5 18] AE;
() RGN A L B AF. M4 il SO &, Jr 2 (D
A7 12 (4D A8 JZ UK 45 48 32 4 ~F- T B 5 1Y) <2 1R B0
PSR 7 1 (2) FJ5 ¥k (3) & Bt 12 IR 445 4 3% 8 1 T
HE— k.

4
A
T
— |

Al L2 BIR FES)E CXUARS)E DINZESIF EBEME FARES
P4 RYCH R

BVFL TAEEET ST B O B2 R G0 R 2 8 ok
AT T AR Y 2 B, e AR R — B 20 72 TE £k 1™
AR R P Yang 5 A58 9 46 2 0 4 3 25
B 7% I8 TR 8 ST G AR I AR R SF TR 3 5
1t HE TR 42 SR L A ek RS gl 48 9E AT 4 G Ak,
Barsocchi 48 AU i 7 — Rl B 1 2 BB )2 48 LR
TEE0 TL R W 28 45 AL L 8 OST B2 R B A7 £ JZ 19
GRS R AT A BRI . Fu S8 NS AR &R
GiEs R 4 1 T — A RGEMERIHER. 72T
A Em T Re AL 85 2B R Tz
17 7.

[ 2% 31 GE HE 4k (Network Function Virtuali-
zation, NFV) i fig it ) i) — Fopr 8RB 56 T 81
AT AT G R A A R R AL AL B AR L K R 0L R0 2% ) e
(Virtual Network Function, VNF) i # 4 52 81 5 IS
2 TS A e R A AR BRI Y L 4R I 6 IR g5
VNFE 1A [) 88 1 | 9 28 A [ )2 /9 552 B 03 2% 2
NFV 2 235 i R 8. Tofigh % AN Ay M
26 M AL B 2 A5 5 n] LUHS Bl 1] 4k R B s 19 40 dr i
T I He 15 J2 B R L 2 R B 0 i R 59 NFV
PR . Carella 28 AT L NFV iy BE Rl 78 b
FHIZ RN 48 )2 2 o) Sr Bk 2R L3 o 5 2 APT [ % )7
Uiy 1 55 i 412 (4L IR 28 % I A 2 B el SRR T T
(7] 2 18 1) 24 i 55 0 00 24 %) 4 5 T L 4 e ) 2%

@ Future Internet ArchitectureChttp://www. nets-fia. net/)
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Rehman % A\ 384 2 0 85 2 5 g 250
A SEMEPEAN b, 38 S T B8 1E A 1 S [ O A S AT
XFIBATTEAR T HEREF B AR AT R 5 AT SE PR D
i,
3.4 BREZEI

JE U Bt (Overlay) 2 i 3% 48 - 1 (19 1 )
Y M B R A ) R AU S L S AR )R I S R
— J2 R Gl AL A il G R AR BT Y T AL AT
DA A7 1) 5 440 J2 U AR 25 465 4 00 1 5 2 R G5 1 T A
FR . BT SR S A0 R L 25 A 7 — A L B 2 3
filh b 3LAF R UCBE 55 v D4R R0 L 22 v kit
JE4 = R G AR A .

7 7 W (Overlay Network) & — > % hy 1B 24
JE W G BT B 6 A — D B AE A Y R it ) 2%
(Underlay Network) Z |, DL 5% 88 BUAF W 4% G = 5K
B I 24 IR 4502 3ok PR S R 9 Y R B A
R R DL T L R ADLEIL 1 AT LK B 9 2% 1 [
7 R S 3 2 P T P 2 R AT A R AL
il T LK 0 3 0 2% v Y — 5% 2 ok 02 A P i S B 52
B T Y — S PR B B CRID R 00 3% ) L AR R T 2
R AV T A AL O e A TR AN [R] R A L B
i P 208 18 22 Ak ST 1 38 8 N 4 B — B AT e
A A6 B ik F S e AL OF B3R =AM [E )
PR R AAL T VXLAN® J&— A H A0 i 7 25 19, o]
DITE =R M 2% S IR U — = P25, 181 5 P s 2 W)
— BL il 9 28 K 10057 A 1 T A 25 4 AN W) ) R i I G
H— AR R R — D RIOREE AR 2
J2 I 2 1 FH R 55

:’ { || e )
s L e L R L e |
'E-Commerce! | N;zlwo(rks "I Media ! | Downloads ! Web Portals!

7 % M Overlay Network

:
,
=F AT

! I ! |
,,,,,,,, ——— L L

:

! i

HIEHEN
i 1
! 1
:

L kg
i Underlay Network

SRR

J2 U i ) B RE AR AR PR SR B AN [ T AS [+
AT Py fig i) )2 0 8 55 mT DL A7 1 | — AN 2 R e
Fyrb DLN B G2 A7 A% i AR TN 2 2 4 O R AIE
AL RIS B = b Y Y 2R OB i A A N
(Caching Overlay) . j# i % 1% M (Routing Overlay)
DL} 2 4 78 35 W (Security Overlay) U ZZ 1778 2% M
F F 148 7] 28 47 (Cacheable) [ # 25 58 3 75 P9 25 . i
W0 25 AT S A PR RE L T4 Rk S mT R g ] 2%
FE N AL — 8 B ) RUEE BN R AR U2 % vl B o
W ] 4% i sh A8 LS N A AN By A I N 2 il ik
RS 1 R 0042 i i A2 1 75 090 2% EL A S AU A 4% i I
ST B R ) AT SRR A kR i A B 5 N A ] IS 2
SLrit 199 4 4 {3t 4 4x Yy fig ok 22 Ml DDoS (Distributed
Denial of Service) 2 I 5 M1 2 51 %8 4 k.

J2 B G BT H AR 2l 2 B A ] AR B A
MRl S B2 RS AN R 2 L T B R 2R
P A 55 $2 Bt 3 47 1) 3 FE. Lehman % AN £
it %5 (Multiservice) . 2 2% 5| (Multilevel) . Z 4 R
(Multitechnology) P } £ |2 (Multilayer) i & X H
RSP T — R 22 MR R A BT HE SR R &
SR A o 0L T IR 55 S T DR S B A T A B
S T AR A ) S T LS B B - 1 A A e P O - T
Z b P 6 T s A R AL R 55 A R 0L
28 BRI R DL TR I 45 ik ilt 284G 1 i A7 )2 2l 25 0 4%
e e

P2P 7 5 & — F d Y HLW IS F T R 2 o
ik, 4 A R 2 TAEX P2P B 55 (0000 ¢
TR AP e e DL R T P2P MR N A r K
F AR 4 pl LR BT Ay T AT R AE R O
Hu % NI FRBMEER A SE P2P &
SRR B SR R T A ST )2
UL T R A 1 R RN B B . Vi 58 ATl P2P
L T R 3 A 30 28 58 14 2o A X 97 280 2 17 R g
B4R S T RGE M A PR M. Kleinberg ™ 45 1 4y
A G5 H 1 A% 2 I FER & RGN R R AT
G A 4R 55 1 40 . Korzun %8 AT 3% = i s
RG] P2P B #4540 1% 3] 1 3 T % 2K (Cluster-
based) ., 3 T # ( Tree-based) il & T 4 24H (Group-
based) 1) = F 52 G5 )2 IR 25 10 1 iR B AL IR0 2 Ik
BT Y (Vertical) A% ] (Horizontal) B
BT N R L 2 OB s B — A PR
T MEGEEGHR, 5 —EH e — 12BN

@ https://tools. ietf. org/html/rfc7348
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BFF ;
Application Plane '

Ilﬂyer |_7:7T7:7: _____________ i , 77T7:7:7T|
Application, | ! L ;l
Middl ! v !

redieware ! . Applications !

| ! AA Manage ! |

I R e ) ment (1l

[ Grid middleware |

[ _

r | 7

pSChy 1P | A [ Qos P (||| [Tayess Monage] | )

[ ! ! | MPLS MPLS i I |services ment ! |

I lflf,,T,:,T,,T,H_,,T,:,::‘L_J :,:,T,,,_,,L_,,,T,:,T,,T,:,T,,T,:,,Ji,,,

Layer25 [|— — — = — & o o e e e ey

PSChy MPLS | ! [Layerz VLAN ' [Layer M |
B 11 | Layer _ANs 1| Layer anage !

Lalyer 2 11255(" [ AA i ' | control ISONET ' |services ment !
_ayer 1. . | :

00\ Y I N U 0 S S S S i

"’””"’””*"_”:’;’”_";"_':_’"_”’;”;’L:’;”’_’"_ _._T;”_’";’;ﬂ T E e
Layer 1 | i | |
L.SC i1 | Layerl - Layerl Manage |
| AA I | control Optical services ment |
I l:;r,,f,:,r,,?,:‘t,f,:,:,*: :,:,T,,,_:Z,L_,,,T,:,TJ,TF,:,T,,T,:,‘;J,,,
Layero | WIERMZRUPE {0 BSHUPE D BORVE | MSTE L EETH
FSC 3 Authentication g&. i i Control Plane i i Data Plane i i Service Plane i i Management Planci

'Authorization Plane; |
) L

& 6

i 2% A A s R ) T A O\ 1) BT A SR A R A —
JZ 53 81 D9 AN AR 2 9 B i R 45 4

4 BRxigitENFnEZE

BT X EALR GAR R G52 R B A &
AWETE IR 9018 FRATHE R G R 450 2 kit
JEVAELIA 290 2y 87 A R 80 5 T A BT D D il 52 R g A
PR LML R 45 R ik 79 o S B I8 A
4.1 BERAZHEN . Ee g

JE R BT U S 2 f Ak, X R B R IR
BBt g L. Dijkstra 1A & 68 2 IG5 A8 B it ml
DA £ 2 40 56 0E A iy ok B i B A
PR B R 26, J2 R BT IR R G172 IR
X3 ol R G0 A T2 IR Z 1] 1 R 56 &R S
BT fAT AR X R GE B E L 4R L AR AR
B, 5 — L EREE TR R Gt MAgE
AR TR AR AT SR M A O TR P LA
i S R G RCR TR RGN s,

J2 AR A BT A 3 118 2 7 A 1) S D o 22 TR ik
THAE L2 N AT BE U5 R ) B8 AL L BEAR BT 52 A k.
SRR IR R R s AP R A 2 2
] 42 10 A 2 0 IR TN 2% IR B 2 R0
J U] 46 e JR SRR

o) B 2 B 3 4 S

7 A FIRCRAE — & 4518 5 1] LUK I 21 11 10 R 42
HOEY (AQESPR-R/S L RN DS UV -/ 7 L SO V-2
D(S.R). ZME M FEE R ARG R EMNE
ARt e — A B SR AE . R 58 P R & WL S 4k P
K EME M ERGE SRS % RENIEE T
PLSE B 25 H 1R 5 2% R GeT, £ R b o] DLt
O 36 5 P R ) 2 B 3K I 58 4 BT 45 4 S — b LA
ZePE T AR 1R B0 AT AT 45 0 AT DL Ao PR Bk 3 £ A
PO 28 v 8 AT 5 At T R AT S8 A5, AT PR IE AT 5E A
R E SR

S EE R R J& 15 SR 2 ML X T kA Y
ZEIEAFE S5 L T P2P R 2%, o 4 45 4 R 5E A AR
BT AR FH R €8 5 AR X R 38 A T SR 6 AL 0
I 25 AT AR ] 98 42 R S5 0 A4 D 2 2% 54 R. X T
i MapReduce & — 28 3 F Master-Slave 254 ,Fork-
Join 25 16 B M 28 W0 25 25 40 1) 2 48 2 I S5 4 e T2
7 R A R T T AN T A B R Z A AT
RGEAF S I 05 2% P AT DLk T - 43 8] (- Partite
Graph) 25t BLAR 43 n- 43 Rl G A VR S 2 25 46 4. X T
BT FR ) R G A A AT RE T L B N A e =%
SERG R. W 25 0 58 4 BT 45 40 2 PR R 0K 1 2 7% 4
A B 3 5 P AT DA X i 3 BT ) 2 2 4 R R AT
A BT LARE X P 2 25 45 0 T AT LR AT R I 2 5 1A
(] P Bl SR 0 5 25 P A 4.
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4.2 BERiZITHE R ER

JE YR ) 2 N 1 3157 1 i St . P—> P
ie P =P, 0] LA 94 2 P Fl 3 A 35 31 HIL ] - i 42
Bl St AL 1 A 0L S ML s BEFTE PORT R
Yy PV 1 B2 1 . H A F T PR . X
X Al A HIL ) B o A 4L Ay 2R T AT AR A
AN T B4 J2 VR 45 ) 18 3T A AR R )y 3 e 6 g 81 RS [
THE AU R S50 19 2 T A AR AR i s B
S THT S {42 5 A () S 45 48 A8 Fb A% Bl FR AT A R 3
AR BRI < B WIS U — S A A B S il 5 A
RO S5, L op, B S Dy R R R — A T 4
g e S5 S AR ) B 4544 L B G(P') =G (P) . H H¥5F
1 P FTAL B A1 0 1 T 8 L M B 5 R 16
JOL Y A5 A ) 5 28 e bl S T 6 K — A S 1A 45 4
SRR BS54, B G(P) =G(P) B & B D71
— AN R R N T AR S D T T A AN T
— B T S 5 — N 1 45 A W i Sy B A 4 4, B
G(P") = {v} ;s TR WS T, AR LW T, 19 58 AR
TCTEANLS .
4.2.1  HIZAHLH

4 A0 2 5 45 A 1) ST S T L SR T AL
RGR R MBI R M EERE . RS
P A 5 260 WA I S, — T BB A G 1 R R R
PEATHI G . — D7 e 2 W T — 28 @ . X 5] T
AT T - 5 8 2 R0 BB (5 B 22 W A X
F2 P R Y XA B AR 11 () e R T G R
(A0 . AEBCF R 2Rl DU AT RE D i o 5
WF 5 G2 1 JE O 8 1 A B & BE AT DL F R BLE 5
Xt G2 1 3 M T At T LA OB IE BH F 5 6 42 1 R
P55 0F 58 1) B A AR 56, LR Go ik R 450 %
T 4R 15 B B Y 0 % , & RO R IR R 2
W AR &R J2 2338 o0 TR R B M B SCTE R B
A0 . B Sy B 4 40 9T 1% 2 D R 1 SE B R AN
LI, (F 7 At J2 9 D BE S B Hh A AT RE S T 1

A WRER 2 5 AT AL R G AR R A5 R BT il 5

il AL Y S eh . A AL R R B AT i AR L B
SHFRERAAS AR IRIHE S SRR R, Hrp
w045 FOE AR P BB S R RS T
FL R 4 3 2 LT G A O R S AR B R T
(58

BT o r e R AT S AL A R E X

TENX 9 2 HLH, Abstraction).  UWE 7 fr
RS AMGAHLE — AW T ER S T 25 4 GOP)
1 —AF45H G, (PSR B AR P 254 GCPH)

— AN AR o Bl RAL R AN BOAS SR Y 3
P IR G (PYEAE T GP) Y 24> & il 41
ST MEEMN T HIG Ry 245 p S 430 A AE T A B
Iy 3.

BT
T(Logical Plane)

EIES
fatk

ﬂw/&éﬁi Py BT
e (Physical/Logical Plane )

B 7 R m gt

it RN R R S RO R TR VA R AT (Y
25 AR AR R T I 1 S LA T R L b e R
(] 4 A ELAE P T A 25 0 8 I AR g R L T B |
ST WA WL B AR P YT T A P M S
A ME S BEA. g ML A9 B AR /T LRGN . (D) i B
o S T 45 ) S T 5 955 O L A B ) RUBE B KRR E
(2) i H b 1 180 45 A8 P A5 B | 2 56 R T AN ) 32
Ty B P2 A 5 3 i ) 17 b 256 LS BRI R . FE AR SR
SO R 2R IR 43 0 RS A O Al & — B
A Al 5 T DA a4 1T 0 b2 RN S SR A
FHAH AR R T I 114 52 BAH T m] DA Ak b A e
J2 Z R B 28 BT oK AH To s R IE 4 B R G0 )2 A
1 P e B R
4.2.2  FEAIALE

SR AU AL, B HUAL I A e S

EMN 10 (WML H, Virtualization).  WE 8
JE7R s R AL & — A B S s R R T T 45 R
G(P) I B SE AR o B S H bR 710 25 7 G (PP Y
T G,(P) .G, (P) P a1 S =D IK v, 11—
ANz

bk i
I( Logical Plane)

HEA
fiith

LB Ve UL E R )
(Physical/Logical Plane )

8 HE LI

HE AL A6 H A - T80 A S 5o 4 250 R 3 114
LA SCBUEE N A IR B T RE ST P — A SR AT
AR WIS 27 18] P (¥ — 4> 2 2 AR 1] A ] 11 92 1.
DML — A7 5 e S s e e 53 s - T )
-1 A 2R M R A5 R SR IR PEAS S AR

UL B R ALAIL ] S I LS T 80 A 408 22 B T
R I o 2 0 2R 8 RS AP 1) 0 B UL 5 B 1 Oy 22 R UL




9 BAE THREHLR SR R AR R BT 2007

SIS i a0 R LA R A0 D 4 A A A A 4k
SR FIRRES 3 A H bR, A8 2 IR AT 4 0 S
1532 55 T 52 BUAS W) ) e 5 52 i 02 A= 8 I 24>
58 5 ) o 7R 2 T T[] I I3 AT 5 B S 4R 2 T
THT Bl 55 3] £ e — > 22 58 A A W] DAk ST Y s AT R A
PR AHERE RS BT LA, 5 ol R AL 5 8 2 e 1 B AN
(6] o Kig FUAATL ) B 50 9% - AT B S 194 % 722 T S 0 B
RIEHIIHE.

REMBLRI AT B R G h 2 &8 280 Z 0,
A o NI 25 Sk - 89 = K2 L8 LT S - N
P 265 K PLAL S b LAk B AR ) AL R A
B A5 B0 10 X 25 R 55 B2 138 7S (TSP ) i #8 B X 28 S5 it i
Jith B BE i (INPs) Sk 52 4 4y 33 3Ll 152 i LA % i 55 it
IO i (SPs) o A1 i 480 99 2 (VINs)™ L i 45 42 it i
A DA 3 R SOLAIL A S b ) 2 R A v 2 A Y
i 1) 3ty A 450 LR FUUBIL R T LA A R 4% 0 VR A
i e AR A A H RN AL Bl SRR L R T 4R e T U A R
(A b
4.3 BRIZITHRE . EH/MNSRE

TEJZ UV I I AL i By B ay B a] ROXE H FR
ARG AT Z W BT, )2 s T 58 B0 2% 42 2 4
JE RGBT 5 BT S B AN A G R AR )
ff P JZ U T S BB AR L G T R E A4 AR
K. XA LI A B BT RN R GAR R G K
FHAPEAN 0 P R LB A EAT RGBT L R
B T & 2 A5 0 filk SRR 1Y JEL B 5 7R X R GE AT PR
B 38 R R B 1) B2 AR g ) R B2
Wit g B XAk Lan k.

E N 11 (JE 4533 #2, Aggregation). HJE R L
B AR s 4 i Rt — A R G - PR R 42
Hbr P16 PRy ¢4 . P’ =1, I, I P=I"P.

JE 47 o B L g 2 AR I By i s R = A
AR T, AT AR E 1 P s k. i B R R
AR i R, P= Py » P’ = Py o 84 I I
AN BB AT i N a1 =8B A3 A5 A [R] A B B S ok
NEENE 1 g R 5 R R AR R GEAR R A5
(Y 2 R BT [R) A AT LA 5 DA 322 8 Y T e T s ) — 1> il
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Background

Hierarchical design principle has been proposed many
years and exists widely in computer architecture design,
network architecture design, cloud computing, network
virtualization, software engineering and many other branches
of computer science. However, few works have been done to
explore the essence of principles and methods of hierarchical
design, let alone systematic and theoretical insight and analysis.
This paper gives a modeling framework for hierarchical design
of system architecture, gives the formalized expression of the
basic concepts, complexity metrics, performance metrics,
principles, mechanisms, roadmaps of hierarchical design.
Some insight properties and formal proofs are also been
discussed in this paper.

This work is partly supported by the National Natural
Science Foundation of China (No. 61472199) and the

Tsinghua University Initiative Scientific Research Program
(No. 20121087999). These projects aim to provide better
principles for the design and modeling evaluation of computer
architecture and computing paradigm. Our group has been
working on the performance evaluation of the computer
networks and computer systems using the stochastic theoretical
models, and using optimization techniques to solve the network
design problems. Many good papers have been published in
respectable international conferences and transactions, such
as INFOCOM, IEEE Journal on Selected Areas in Communi-
cation and IEEE Transactions on Parallel and Distributed
Systems. This paper summarizes the research processes and
examples of the hierarchical design principle for computer
architecture in a long history and prospect future research

challenges.





