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Abstract
This:  paper  nssesses  he  performaonce of
DRAM/Logic merged technology ab the system: level,
The cvaluation haa been done for the six state-of-the-
! chn:armrm_y-ltw changing memaory fierar.
5, end b graplies chap applications. The analpsis
| shows that average poin of 2899 con be achisved had
‘thiese processors boen implémanted: using DA M Topic
merged technolagy, and DRAM flogic merged technol-
oy ’i:';“ﬁ Iu'p.:;!_r p:irfprmunpe_ iﬁan I:;:fhmﬂtémﬁam!
prapaics & appircalion o [ i
of ot leost fx ﬂ»’dar Mndim.fm‘%muafy P-uru.iﬂe!
Processor MPP] case by factor of ten

~Introduction :
State-of-the-art core CPU is a fast superscalar, su-
rpipelingd, RISC running at 1 lﬁ:ﬁlmﬁ{}h
lock rate . Keeping such a CPU fed st full speed
fikes soanething on order of 1-2GB/sec of memory
bandwidth. For the densest DRAM technologies the
LAM interconnects provide Lypical COm-

e
With the demand for better graphics, the bandwi
equirenpent on DA AM is increasing significantly, from.
veral tens of MB/sec in 1900 to over S00MB /sec [2].
aere are less than two dozen off-chip interconnects
able on a DRAM part - and for the densest
IRAM technologies interconnects provide typ-
around. 50MB /e of bandwideh

€'in contrast to the 1 ta 2 GH/see bandwidth necded
pport the core of most modern microprocessar.
e, fow to get high bandwidth from ooe or two
s with limited I/ () becomes an jssue. These issues
ke new tachnology like DRAM (Logic merged tech-
£y more attractive to integrate hoth DHAM and

ed I frame bu the promising a
N respect to i

pﬁmach

; mapa_r ar:idlﬁw RAM

3 provide bandwidth by wide bus and on-

eed, Just as there are reasons the smbedded

M will run fast, there are reasona the 105:':1 next

run slowly due to fimitations of DRAM pre-
as higher Lransistor threshold voltage
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the logic performance mm
red for -E.nm:imam CPU

T
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EE"gg
ged
*EE.E

¢ EDME /2o of handwidth per part &L;] :
.

call per even -
gh the actual bandwidth is much hig&l:t"ﬂﬂs

sizad in graphics controller chip design, becatse a
Iﬂlﬂa&fﬂnh‘ithﬂ]ﬂgpéﬂﬂ controller and macro
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2 CPU Performance Analysis

In recent years, increases in memory subsvsiem
%‘PEE{]: have nﬂtk&ﬂt&m with the iﬂgmu il Core

U speed, causing the core CPU execution rates o
become increasingly limited by the cache pecfirmance.
The cache performance harrier has been overcome by
employing hisrarchical strustures(two or more level]
and associativity in memory structure,  Other than
memory hisrarchy and sssociatividy, system perfor-
mance study considering the cache performance in-

volve other important factors sueh as ca.cgcmiu Take.
width. Th ] 1

miss penalty. memory bandwidth. L the e
-portant factors to be considered for svstam perim-
Mmance Analvees are; :

1.- Cache gize

2. Cache miss rate

3. Cache miss penalty

4, Cache degree of associativity

5. Memory hiecarchy

8. Cache cycie tine

7. Memory bandwidth
Sﬂme of these factors are mof mutually exclusive.
e o e Mot o s ot
and its degree of associativity. Cache miss penalty has

something to do with the memory bandwidth.
In this research, system level performance will be sval-

unted on DRAM (loghe mierged technology using the
same architectural c;g_a:a.rut{m and the same memory
hierarchies of the CPUs. The variable factors are pro-
cemsor cycle time considering the logic performance
Whﬁjnn DRAM process and memory related fac-
tors as described above
tion of memory size and set-associativity. The first
lewel{L1) cache miss rate data for cache size and set-
associativity has besn calculated by Gee et al.  for
Specd? benchmarks [3).
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Fig.1 L1 cache mies rate ficting Equations
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o, My, M Hy M Rs, and MR,y represents cache sige
gﬁl':lle migs rate for oneway, two-way, TEJL_;‘_E-F."E}'. and

t=way get aszociativity, respectively. Fog & given
ca%:he siz'l'; and degree of associativity of the ﬁmtﬁmrel
cache, the miss rate[MR) is predicted by extrapolating
the curve fitted using the data. The fitting equations
for different cache size and set-assomativity are shown
in Fig.l. Cach miss raﬁe decreases as the de,g:ﬁa_hcvf
associativity increases, However, et associativi
Al COIme ai the cost of in:ma.i.aﬁre::m hit t']me"l.r
Sinee the speed of CPU 13 tied dirsctly tothe spesd of
a cache I:dt{ CPU cyele time should be increased con-
sidering the multiplexer delay for set associalive
cache. The mux delay is assumed 10 be 10% of the
clock cycla time for two-way set associativity ool -
ration. Hill et al. [4] found 2% difference in hit time for
custom CMO3F caches as the degree of set associativ-
ty irereases from two-way to foar-way, Extrapolating
thiz trand, the clock eyele time for Noway, €
can be found as follows.

N=wap

CK Ty vy = (108 + 0.020gal MIC KT -y (5]

where. N s the degree of associativity and equal to
ot greater than 2. CR Ty iy of the merged system
has to take the logic performance overhead on DHAM
process into account for the cycle time of the merged
system cache.  Routing area penalty also has to be
o for the merged system since there are less num-
r of m layers mvailable in DRAM process, The
penalty has been also analyzed by Y.B. Kim et al
[Ei along with logic performance penalty on DRAM
priee=ss, The wiring capacitance per net is increased
by 20% on DRAM process comparing to logic ?m-
cesd. The absolute caopacitance increase per net is 7.6
which 15 equivalent {o 0.3 [An-oiat sinee 10 AVETag0 G-
pacitance per fanout is abomt 40ff. Considering chis
extra ty, The clock e time for one way. set-
assoelativity on the merged technology becomes

(0.18571 + 011179 x (X +0.2))
[0.23286 + 0.07786 = X
% CKT {6)

where X is the number of fancut, Wider bandwidth
takes bettor advantage of spatial locality, Therefore,
wider bandwidth redices miss penalty effectively. miss
alty 15 almost inversely proportional to bandwidth
or most of the cases. In this experiment 8 times band-
width increasze 18 assumed because there iy a good
to imcrease X bandwidth if the memory ca-
pm‘%tr is i“ﬁﬁﬁﬁ l:r?r e_i;htl.ibimg.a M‘FI;: LA dieln.ri_ﬁ
explaitin M devics density. axe o
hit rate of L2 cache vorsus degree of a:smqlaﬂrﬁc' for a
state-of-art micro processor 8 shown in Fig 2. The ave
erage hit rate can be found by taking the complemen-
tary rate(l minus average hit tate). Since the second
leve] cache size is than the first level, the second
level cache hit time 15 longer than the first level cache
by at least factor of three or eight including the set
a.ﬂn.nciati\ri‘t}' avethead{mux delay). In this research,
the secand level cache hit tiine is assumed to be eight
clock cycles. The per » of bwo different. systems
can be comparad in terms of execution time for a given
task, and CPU execution time for & program is simply

CKTp =

§1m

% 90 L,.{b——'
g B

_g o, 2 Fdich hnlﬂ“ﬂ .
E s Ldad hit nt)f

o 50%

chiressl oy - deway
Fig.2 L2 cache hit rate.

expressed in the following way.

CPU - Exécution Time =
10 i (CPI+ Number of Memory Access

Trstruction
W MRExMP)xCKT

where OPLis cvele per instruction and CKT I clock
cycle time. r & given tesi micro-code, instruc-
tion eount(IC), memory references, Miss Penaloy{MFP)
and CPI are fixed. The variable hardware parame-
ters for system performance analyvais on DRAM Mogic
merged technology are Miss Rate{MR) and Clock Cy-
tle Time(CKT) taking the memory capacity increase
and logic perfermance overhead on DRAM process
inte acepunt.  Considering the cache miss rate and
bandwidth enhancement and logic overhead on DRAM
Elpcpm the CPU performance gain has been assessed

eix different state ol the-art processors and the re-
sults are shown in Table [. The upper half of the ta-
L-ié"fégreamr.a' tHeE eurrent implemenations and the
lower hialf represents the equivalent implementatione
UEINg mer tel:huu]ngj.r.egl‘ha two implementations
are compared to obtain Lhe ?erfo.rmmce gain of the
merged technology in the table

3 Graphics Chip Performance

Az DRAM logic merged technology permits very
significant amount of logic to he placed on conven-
tional DRAM chips, meaning that the bandwidth
available from internal memory arrays can be utilized
h%m or more CPUs placed directly on the chip callad
"Processor: In-Memory(PIM)" architecture.  While
this is valuable for conventional computer, it becomes
even Tiore so for Massi Parallel Processors{ MPFP3s),
particularly for embedded applications where the cost
of replicating all the glue bandwidth recovery eir-
cuitry can became an execessive part of the ovarall sye-
tem cost. Peter et al [1' integrated 8 complete

rocessing elements, each with its own 64KEB TRAM,

6 bit CPU, and peripheral civcuits including control:
ling, addressing, refreshing, parity, and redundancy al-
QINENLE

Peter et. al. Jl said, for future generations of PIM
chipa they wi able to adjust relatively smoothly
the usage of surface area of a chip die that contajns
both logic and DRAM from 100% logic and 0% DRAM
to 0% logic and 100% DRAM. Fig.3-shows the CMOS
chip technology prediction reported by Semiconductor
Industrizs Association(S[A). The number of CPUs can
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Table 1. Performance analysis result -

‘Fig.3 CMOS technology projections

. b imnmd-a.m_.;mi'thu.mmt 12K gates
[EENEEterng o v k2
e e S e

formance overhead|21.990). The maximum clock fre

?mw for 1995 is 156.3MHz(6 4ns cycle time). Fig.4
shows the hardware avadlability on the merged chi
gl m’gmm i E‘hr}_l:?.tl t_n‘rct,tEethh_rn are 8M
L] re Leii] one w14
1 CPU has 12K logic cireuits. On the E&Iﬁm«i, #
there is 2M B then 80 CPLs can be implemented on the
E?u_:f déa? ﬁhg;mlﬁﬁ‘““m intensive t.uks.h:hx numi
e 8 th memory supports s between
.ilf{.da_ Fb:!waﬂmb.thnwrﬂgufﬂl‘[hm
B memory supports is above twenty{20) (6. Fig.3
shows different performance curves for ‘ratios
nfmemu? mnumh-arﬁc?c{ CPU. One instruction was
asumed to be executed at average 2.5 cycles. Fig.s
shows the mu'ﬁgrd chip performan jon
memory size. 0
1, for exmmple, the performance increases as memory
Slze increases jnitially since memory mﬂ;sﬁgcrfw
mance limiting factor up to memory size of GME. This
means there dre lot of CPUs that’are not effectively

i Fig.3 reflected logic per=

the memory to cpu ratio of 2M to -
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Fig-4 DRAM [logic merged chip capacity estimate
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Fig.5 Merged chip performance vs, memory size
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used because the supporting memoty capacity is not
encugh. However, the performance decréases beyond
6MEB point sinee the number of CPU available on the
chip becomes limiting factor. Even though all of the
available CPU are used, the absolute number of CPLs
an the chi I‘u ot Em:iug']:l comparing the large memory
B8 B L

As shown in Fig5 the optimum peeformance is ob-
tained at 4 io 6 MB memory range for high end ap-
plications.  The system ermancs of conventional
massively parallel systems is also ted in Fig.o:. The
Systerm pe £ using mer w:hnthr 15 better
than the conventional approach by at least factor of 10
mainly due to bandwidth increase and on chip memory
capacity increasa.

4 Conclusion

This paper presents the pecformance snalysis of
Logic/Dram merged technology on system lavel con:
gidering the loglc performance overhead and all
ithe important cache factors which affects on the ays-
tem level performance. :
Without ging CPU architecture and with keep-
ing the cache memory hieracchies the average perfor-
mance gain for aix state-of-the-art microprodessors ja
9.95%. If the merged process technology is fully de
vebn =0 that the lope performance over and
O penalty in the logic part are minimized, the
perfarmance gain will be even higher than 8.95%.

The ormance of the hicg chip: integrated
using tg:ﬁmcrged m.:hmjug-% been evaliated.
DRAM flogic merged technology provides higher per-
formance than the conventional graphics chip ap-

Evéi{.ca.t.inn a

ach by taking advartage of at least

wider dwidih’ for Massively Parallel Proces

sori MPP) case by factor of ten.
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