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ABSTRACT

In recent years, an increasing number of different JEDEC memory
standards, like DDR4/5, LPDDR4/5, GDDR6, Wide I/02, HBM2, and
NVDIMM-P have been specified, which differ significantly from the
previous ones like DDR3 and LPDDR3. Since each new standard
comes with significant changes in the DRAM protocol compared to
the previous ones, the developers of memory controllers and mem-
ory simulation models regularly face challenges implementing and
verifying these new standards. In order to keep pace with these fre-
quent changes of the requirements and the large variety of variants
a robust validation methodology must be established. The JEDEC
standards describe the complex memory protocol, i.e., DRAM com-
mands and their timing dependencies, by using a mixture of state
machine diagrams, tables, and timing diagrams. However, there
exists no unique formal description of the JEDEC standards which
could be used for a fast simulation-based validation. In this paper,
for the first time, we present a comprehensive and formal mathe-
matical model based on Petri Nets that contains the DRAM states,
transitions, and timings. Furthermore, we present a Domain Specific
Language (DSL) for describing the memory functionality and tim-
ing dependencies of a JEDEC standard in just a few lines of code.
From this DSL description an executable Petri Net is generated au-
tomatically, which is used for the fast simulation-based validation
of memory controllers and DRAM simulation models.
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Figure 1: Releases of JEDEC Standards

1 INTRODUCTION

Over the last decades, the number of DRAM standards specified by
the Joint Electron Devices Engineering Councils (JEDEC) is largely
growing, as shown in Figure 1. With the advent of Storage Class
Memories (SCM), the number of main memory standards will in-
crease even further (e.g., RRAM, STT-MRAM, 3D XPoint), leading
to the same amount of heterogeneity that we can already see on the
compute side (e.g., CPUs, GPUs, TPUs, and custom accelerators).
Whenever a new standard is released, developers of memory con-
trollers and memory simulation models must adopt to the changes
of the new protocol in order to guarantee correct functionality of
the DRAM controller according to the new standard. This adoption
process usually requires tedious work adjusting the implementation
of the memory controller and, even more importantly, verifying its
standard conformity. An example is the introduction of variable
command lengths in LPDDR4 [31], which was a significant change
since the command length was always fixed to one clock cycle
in previous standards. In order to keep pace with these frequent
changes of the requirements and the large variety of variants, a
quick validation is mandatory to enable fast time to market with
new controllers. For the validation the developers apply either
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Figure 2: State Diagram of DRAM Commands According to
JEDEC Standards (Initialization States are Omitted)

simulation-based or even formal verification approaches. The for-
mal verification approach is complete but has the drawbacks that it
has long run-times and works only for circuits with a moderate size.
The simulation-based approach is not necessarily complete but fast.
It requires input stimuli for the model under test, which generates
outputs that are compared to expected values. The challenges for
the simulation-based validation of memory controllers are first the
generation of meaningful input stimuli and second to check if the
produced outputs are compliant to the JEDEC specification. For
the latter, it is important to automatically translate the JEDEC stan-
dards into formal models, which can validate the behavior of the
simulation output and therefore help the developers to find issues
quickly when, e.g., adopting the implementation to a new standard
or implementing a new feature such as a new memory scheduling
algorithm.

Unfortunately, there exist no unique formal descriptions of the
JEDEC standards, which could be used for test case generation and
therefore for the validation of a memory controller. Moreover, the
JEDEC standards even provide inconsistencies in the description
of the DRAM functionality, as pointed out in [18]. Figure 2 shows
the Finite State Machine (FSM) provided by JEDEC’s DDR3 stan-
dard [30] that is intended to provide an overview of the possible
state transitions and commands. JEDEC even admits that this FSM
is not fully correct [30], as it does not capture DRAM’s inherent
bank parallelism and therefore cannot model all possible events.
In addition, the JEDEC state diagram lacks readability by mixing
up DRAM states and DRAM commands [18]. This simplification
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is used because modeling the concurrent DRAM devices with an
FSM will result in a state explosion’.

Because of this state explosion, the authors of [18] used Petri
Nets [34] in order to provide a comprehensive formal model of
DRAM states and commands from a memory controller’s perspec-
tive. In contrast to FSMs, Petri Nets are a model of computation,
which was developed for describing highly concurrent and asyn-
chronous systems. The model of [18] is intended to give an easy and
interactive description of all possible DRAM states, including situa-
tions that involve more than one bank?. However, the authors only
concentrate on the states and logical command dependencies, while
the much more complex timing dependencies were not considered.

Based on the previous work, in this paper we use Timed Petri
Nets [16] to provide a full model of the DRAM states, the logical
command dependencies and the internal timing dependencies for
the first time. The proposed model fulfills the requirements on a
system model to be unique, precise, complete, and easy to modify.
It can therefore be used as a formal reference specification for the
simulation-based validation, e.g., of a DRAM controller [13] or a
DRAM simulator [6, 12, 17, 21, 22, 26, 35]. Furthermore, we intro-
duce a Domain Specific Language (DSL) in order to describe the
semantics of this DRAM-specific Petri Net with a comprehensive
and compact syntax. From the description in this DSL an executable
SystemC model of the corresponding Petri Net can be automatically
generated (extensions to other languages are certainly possible). A
new JEDEC standard can therefore be adopted quickly with only mi-
nor changes in the DSL code. Furthermore, the generated executable
specification with Petri Net semantic is correct by construction.
In summary, our paper makes the following contributions:

e For the first time, we describe how the complex timing pro-
tocol of DRAMs can be modeled by timed Petri Nets. To the
best of our knowledge, there exists no similar approach in
the literature.

e We introduce a DSL called DRAMm for describing the com-
mands, states and timings of DRAMs in a compact and ex-
tendable way.

e From this DSL we automatically generate an executable
model which can be used for the simulation-based validation
of memory controllers and simulation models.

The remainder of this paper is structured as follows: In Section 2,
related and previous works combining DRAMs and Petri Nets are
discussed. In addition, the state of the art for memory controller
validation is reviewed. Section 3 introduces the basics of DRAMs
and Petri Nets. The modeling of DRAMs with Petri Nets is presented
in Section 4. First, the modeling of the DRAM states, commands, and
their inter-dependencies [18] is shown. Next, Section 4.2 presents
the modeling of the DRAM power consumption, while Section 4.3
extends the model by timing dependencies. In Section 5, the DSL
DRAMml is introduced that is used to generate an executable model
as described in Section 6. Section 7 showcases a possible application
of this model. Finally, Section 8 concludes the paper and motivates
future work.

In order to model the complete state space of a DRAM, the number of states for this
FSM is equal to 28 + 4 and the number of edges is 2 - (Bzi) +28 4+ 2B + 5, where B
denotes the number of banks. For example, a DDR4 DRAM with B = 16 would feature
65,536 states connected by 1,131,478,243 edges.

2 An executable model is uploaded on Github: https://github.com/tukl-msd/DRAMPetri
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2 RELATED WORK

In this section we first discuss the related work with respect to
modeling of DRAMs using Petri Nets and second show more general
approaches for the verification of memory controllers.

2.1 Modeling of DRAMs using Petri Nets and
Timed Automata

A similar approach for modeling DRAMs with Petri Nets has been
presented by Gries [10]. However, this work captures all aspects in
a detailed bottom-up approach from the DRAM cell, over the array,
up to the memory controller and therefore features a high level of
complexity that makes it infeasible to use this model for validation
of modern DRAM systems. The authors of [8] use Petri Nets to
model the DRAM power-down states in order to derive effective
power-down strategies. However, their model focuses only on the
power-down states. In comparison to these works, the authors
of [18] give a formally correct, lean, and easily understandable
description of the DRAM states and transitions, which can replace
the JEDEC state diagrams. However, they do not model the complex
timing dependencies. Li et al. [27] use timed automata models of a
memory controller to derive the Worst Case Response Time (WCRT)
and the Worst Case Bandwidth (WCBW) mathematically. The used
timed automata models are complex, written by hand, and do not
clearly reflect the actual DRAM states and command transitions.

2.2 Validation of Memory Controllers

The authors of [13, 14] focus on the automatic test case generation
and the validation of memory controller simulation models. For the
automatic test case generation they use Linear Temporal Logic (LTL)
to describe properties which have to be fulfilled by the memory con-
troller. These properties are negated and passed to a model checker,
which works on an abstract state machine describing the DRAM
behavior. Since the properties were negated, the model checker
can find counterexamples (under the assumption that the provided
state machine is correct!). From these counterexamples tests can
be generated in order to perform a simulation-based validation of
a memory controller or its simulation model. Furthermore, they
show a methodology that uses high-level statistics such as band-
width and latency for the verification of the memory controller’s
features. However, there can still be a situation where a bug exists,
which does not manifest in a change of bandwidth and latency, and
therefore cannot be detected. Furthermore, since the user has to
provide the state machine as well as the properties, a full coverage
of all possible cases cannot be guaranteed.

In [24], Kayed et al. show an approach where System Verilog
Assertions (SVA) are generated from a Timing Diagram Markup
Language (TDML). They redraw the timing diagrams which are
shown in the JEDEC standards with a TDML tool and generate cor-
responding SVAs. However, this approach is not complete, as only
those temporal dependencies are checked that have been drawn,
and not all possible dependencies and interactions are covered.

The authors of [25] show a verification approach of a memory
controller using the Universal Verification Methodology (UVM) with
focus only on the DRAM power-down states. In [37] the authors
present a formal state machine model and they derive an actual
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Table 1: DRAM Commands

l Target H Symbol ‘ Explanation ‘

Activate: A specific row in one bank is ac-
ACT .
3 tivated.
& Precharge: The currently activated row is
PRE .
closed and the bank is precharged.
RD Read: Read from an activated row.
Read with Auto-Precharge: Read from a row
=) RDA
g and precharge the row afterwards.
= WR Write: Write to an activated row.
© Write with Auto-Precharge: Write to a row
WRA
and precharge the row afterwards.
PDE Power-Down Entry: Enters the PDNA mode
if in Active or PDNP if in IDLE.
Power-Down Exit: Exits PDNP or PDNA
s PDX
§ mode.
A PREA Precharge All: All active banks are pre-
L charged.
= REFA Auto-Refresh: Refresh one or more rows in
all banks.
SREFEN | Self-Refresh Entry: Enters the SREF mode.
SREFEX | Self-Refresh Exit: Exits the SREF mode.

DRAM simulator from it. Unfortunately, both previous publications
are short papers and lack details about the actual methodologies.
The state-of-the-practice procedure to verify memory controller
designs in industry is to perform an RTL simulation of the controller
integrated with an appropriate DRAM model that ensures strict
obedience of the DRAM protocol by the memory controller under
test (i.e command sequence, timings, refresh, etc.). These DRAM
models are provided by the DRAM manufacturers and are usually
encrypted in order to protect the vendors’ Intellectual Property (IP).
However, this method of validating the controller requires the
DRAM model employed to be assumed functionally correct. In case
of a bug in an encrypted DRAM model, it is impossible for a test
engineer to find this bug and it might be propagated to the memory
controller design. In contrast, our approach is fully transparent and
does not reveal any IP since it contains only the public information
provided by the JEDEC protocol. Therefore, the memory vendor and
controller developer can easily agree on a common test scenario.

3 BACKGROUND

In this section we first introduce the basic terminology of DRAM
controllers and internals of DRAM devices. Second, we define the
original Petri Net and extensions with respect to Turing complete-
ness and modeling of timing.

3.1 DRAM Devices & Controllers

A DRAM device is organized in a three-dimensional fashion of
banks, rows and columns. It usually has eight (DDR3) or 16 (DDR4)
banks, which can be used concurrently (bank parallelism). However,
there are some constraints due to the shared data command/address
bus. Each bank consist of, e.g., 212 to 218 rows, whereas each row
can store, e.g., 512 B to 2 KB of data. A memory controller is usually
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composed of a Frontend and a Backend. The frontend performs
arbitration and scheduling of incoming read and write requests,
whereas the task of the backend is to translate these incoming
requests to a sequence of DRAM commands, which have to be
orchestrated with respect to the current state of the device and
given timing dependencies. To access data in a row of a certain
bank, the activate command (ACT) must be issued by the controller
before any column access, i.e., read (RD) or write commands (WR),
can be executed. The ACT command opens an entire row of the
memory array, which is transferred into the bank’s row buffer’. It
acts like a small cache that stores the most recently accessed row of
the bank. The latency of a memory access to a bank largely varies
depending on the state of this row buffer. If a memory access targets
the same row as the currently cached row in the buffer (called row
hit), it results in a low latency and low energy memory access.
Whereas, if a memory access targets a different row as the current
row in the buffer (called row miss), it results in higher latency and
energy consumption. If a certain row in a bank is active it must be
precharged (PRE) before another row can be activated. In addition
to the normal RD and WR commands, there exist read and write
commands with an integrated auto-precharge (RDA, WRA). If auto-
precharge is selected, the row being accessed will be precharged at
the end of the read or write access.

A DRAM cell usually has to be refreshed every 64 ms to retain
the data stored in it. Modern DRAMs are equipped with an Auto-
Refresh (REFA) command to perform this operation. Besides the
normal active mode operations presented above, a DRAM is capable
to enter power-down modes to save energy by setting the clock-
enable signal cke to low. There exist three major power-down
modes called Precharge Power-Down (PDNP), Active Power-Down
(PDNA) and Self-Refresh (SREF). Table 1 shows a list of all possible
DRAM commands. During operation a DRAM device can be in
five major states, as shown in Table 2. These states are used to
calculate the background power of the DRAM by tools like, e.g.,
DRAMPower [5].

As shown in [18], the JEDEC FSM in Figure 2 has several draw-
backs: First, it uses auxiliary states like Activating and Precharging
that do not account for modeling the DRAM operations. Second,
the state diagram uses doubled states (2X Reading and Writing) that
are confusing for the reader and lead to logic inconsistencies when
combined with an automatic sequence. For instance, if a RD com-
mand is scheduled, the automatic sequence will return the DRAM
state to Bank Active, thus, all other transitions from the reading
state become obsolete. Third, Figure 2 does not cover DRAM’s in-
herent bank parallelism, which is crucial for an exact behavioral
description.

So far, we only discussed the commands and states of the DRAM.
However, the most complex part of DRAMs are timing dependen-
cies between different commands. For example, in the DDR4 JEDEC
standard more than 90 out of 260 pages are showing timing dia-
grams and explanations for the timings. Table 3 shows the timing

3The row buffer is a model, which abstracts the real physical DRAM architecture. It is
basically a combination of Primary Sense Amplifiers (PSA) and Secondary Sense Ampli-
fiers (SSA) of the memory arrays in one bank. This model is useful, e.g., for describing
the functionality of a memory controller and its scheduling algorithms. Unfortunately,
this model often leads to a misunderstanding of the real DRAM architecture. For
further details on internal DRAM architecture we refer to [15].

M. Jung et al.

Table 2: DRAM States

l Type H Symbol ‘ Explanation ‘

At minimum one bank is active, no power-
down (cke=1), no internal refresh (the
DRAM controller has to schedule refresh
commands).

All banks are closed and precharged, no
power-down (cke=1), no internal refresh.
IDLE | The DRAM changes the state from Active
to IDLE by issuing a precharge command
(PRE).

Precharge Power-Down: All banks are closed
PDNP | and precharged (in IDLE state, cke=0) and
no internal refresh.

Active Power-Down: At minimum one bank
PDNA | is active (in Active state, cke=0) and no in-
ternal refresh.

Self-Refresh: All banks are precharged and
SREF closed, the DRAM internal self-timed re-
fresh is triggered (cke=0).

Active

Normal Operation

Power-Down

parameters for a DDR3 memory and Figure 3 shows a timing dia-
gram with the relations to the commands for an artificial DRAM
example®’. In general, the different timings can be distinguished
into four main categories:

¢ Command-to-Command Timing Dependencies:
The execution of one command implies that other commands
have to wait for a specific time interval. For example, if there
is a row hit, a read command must wait at least tccp in order
to avoid an overlap on the data bus, as shown in Figure 3.
These command-to-command timing dependencies are the
majority of timing dependencies in the JEDEC standards.

¢ Command Bus Occupancy Dependency:
Only one command can be scheduled to the command bus
during one cycle. For example, if there are two commands
ready, the memory controller will resolve this issue by sched-
uling one command one cycle cycle later.

e N-Activate Window:
In order to limit peak currents there exists a rolling time-
frame in which a maximum of N banks can be activated,
called tn 41 . For example in DDR3, where N = 4, it is called
Four Activate Window (tp aw ), whereas in Wide I/O DRAMs,
N = 2, called Two Activate Window (tT Aw)-

o Refresh Mechanism:
Each DRAM cell must be refreshed every tggr = 64 ms.
Therefore, a refresh command must be scheduled every
treF1 = 7.8 us to avoid data corruption. However, the stan-
dards allow postponing the refresh command 8 times. In
case that 8 refresh commands are postponed in a row, the re-
sulting maximum interval between the surrounding refresh
commands is limited to trRgrppmax = 9 - tREFI-

4 Artificial Example: Double Data Rate (DDR) Dynamic Random Access Memory (DRAM)
timings: trep = 3 - tck, tcL = 3 - IcK, tIRP = 2 tcKk IRTP = 2 - ICK, IRAS =
7 - tck,and tcep = 2 - tcx with Burst Length (BL) = 4
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Figure 3: Basic DRAM protocol

Section 4.3 will explain the DRAM timings in further detail. In the
next section the basics of Petri Nets are described.

3.2 Petri Nets

Petri Nets [34] are very general models for concurrent asynchronous
systems. Thus they are widely used to describe system behavior on
different levels [3, 7, 9, 40]. They consist of places holding tokens
and transitions, which are connected to each other. Usually, places
represent conditions or states and transitions represent events. In
the following we define a Petri Net according to [32]:

Definition 3.1 (Petri Net). A Petri Net N = (P,T,F,W, M) is
a 5-tuple where P = {p1,p2,...,pm} is a finite set of places, T =
{r1, 72, ..., T} is a finite set of transitions, F C (P X T) U (T X P) is
a set of arcs (—p ) connecting places and transitions, W : F —» N
is a weight function® (if not indicated the weight is set to 1) and
My : P — NU{0} is the initial marking. It is required that PNT = @
and PUT # 0.

The simulation with Petri Nets is based on the following transition
or firing rules [32]:

(1) A transition is said to be enabled if each input place p of
is marked with at least w(p, 7) tokens, where w(p, 7) is the
weight of the arc from p to 7.

(2) An enabled transition may or may not fire (depending on
whether or not the event actually takes place).

(3) A firing of an enabled transition 7 removes w(p, ) tokens
from each input place p of 7 and adds w(z, p’) tokens to each
output place p’ of 7, where w(z,p’) is the weight of the arc
from 7 to p’.

Figure 4 shows an example of a simple Petri Net [32], using the
well-known chemical reaction: 2H, + Oy = 2H0. Two tokens in
each input place represent two available units of Hy and O,. The
transition 7 is enabled by a chemical reaction (event). After firing
71, the marking will change according to the weights, and 7; is no
longer enabled.

Several extensions to the original Petri Net in Definition 3.1 have

been proposed in recent years. In order to model the behavior of

5N denotes the set of natural numbers without 0.

Figure 4: Petri Net Example According to [32]

DRAMs with Petri Nets, two extensions called Inhibitor- 1, 11] and
Reset-Arcs [2] are required. A Reset-Arc is a type of arc that connects
a place to a transition and its semantics is to remove all tokens from
that place when the transition fires [39]. An Inhibitor-Arc is a type
of arc that connects a place to a transition and its semantics is to
prevent the transition from firing when the place contains more
tokens than the arc weight indicates [39]. It is shown in [33] that
Petri Nets with inhibitor-arcs have the modeling power of Turing
machines.

Definition 3.2 (Reset Net). A Reset Net is a tuple, NR = (N, R),
where N is a Petri Net and R C (P x T) denotes the set of reset-arcs
(»»).

A reset-arc for a specific transaction 7 empties all places p;
connected with reset-arcs when the transition fires. There is no

precondition on firing imposed. As shown in the example in Figure 5
the place p3 is cleared completely when 77 is fired.

Pa P3 Pa
O
T2
|£> b1 P2
®
T1

Figure 5: Reset Net Example [18]

Definition 3.3 (Inhibitor Net). An Inhibitor Net is a triple, NT =
(N,I,Wr), where N is a Petri Net, I C (P x T) specifies the set of
inhibitor-arcs (—e ), and W : I — N is a weight function.

A transition 7 connected with a place p by an inhibitor-arc of
weight wy(z, p) is disabled as long as p holds at least wy(z, p) tokens.
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Table 3: Timing Parameters for DDR3 [15]

Name [

Explanation

tcr, IRL, twWL

until data can be read/written at the interface.

CAS Latency: The time needed to transfer the data from
the PSA to the SSA and the interface, in other words: The
delay from a RD command (g ) or a WR command (twr)

tck DRAM Clock: The clock of the DRAM interface.
Column-to-Column Delay: The minimum column com-
tcep mand timing, determined by internal burst (prefetch)
length.
tpaw Four Activate Window: Only four ACT commands can be
issued in this time window.
Row Access Strobe: The minimum active time for a row,
tRAS in other words: The time interval between row access
command and data restoration in a DRAM array.
IREFI Refresh Interval: The time interval between two refresh
commands (e.g., tREFr = 7-84s).
Row-to-Column Delay: The time interval between row ac-
trRCD cess and data ready at PSAs, in other words: The time
interval between ACT and RD on the same bank.
tRFC Refresh Cycle: The duration of a refresh, in other words:
The time interval between REF and ACT commands.
Row Precharge: The time interval that it takes for a DRAM
trRp array to be precharged (PRE) and prepared for another row
access.
tRRD Row-to-Row Delay: The minimum time interval between
two ACT commands to different banks.
tRTP Read to Precharge: The time interval between RD and a PRE
command.
twr Write Recovery: The minimum time interval between the
end of a WR burst and a PRE command.
fwTR Write to Read: The minimum time interval between the
end of a WR burst and a RD command.
txp Power-Down Exit Delay: The minimum time interval be-

tween PDX to any valid command.

txs, IXSDLL

be enabled, the minimum time interval is txsprr.

Self-Refresh Exit Delay: The minimum time interval (¢xs)
between SREFEX to any valid command. For the commands
like RD, RDA, etc. that require Delay-Locked Loop (DLL) to

ACT to Power-Down Delay: The minimum timing of ACT

*ACTPDEN command to Power-Down entry.
tPRPDEN Precharge to Power-Down Delay: The minimum timing of
PRE command to Power-Down entry.
{RDPDEN Read to Power-Down Delay: The minimum timing of RD/RDA
command to Power-Down entry.
W RPDEN Write to Power-Down Delay: The minimum timing of WR
command to Power-Down entry.
W RAPDEN Write with auto precharge to Power-Down Delay: The mini-
mum timing of WRA command to Power-Down entry.
IREFPDEN Refresh to Power-Down Delay: The minimum timing of REF
command to Power-Down entry.
trD Power-Down Delay: The minimum timing of Power-Down
Entry to Exit.
toxE Clock Enable Delay: Minimum interval between two con-
secutive CKE transitions.
Self-Refresh Delay: Minimum CKE low width for Self-
ICKESR

Refresh entry to exit timing.
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Vice versa, it is enabled whenever p holds strictly less than wy(z, p)
tokens®. As shown in the example in Figure 6 the transition 7y is
inhibited by p3. When 17 fires before 72 the tokens are moved to p;
and py, respectively. However, if 75 fires first, p4 inhibits the firing
of 71. In this case py will never get the token, because p4 can never
be cleared.

T2

P1

P2
O P3 Pa
T1 o
: j 2

Figure 6: Inhibitor Net Example [18]

Up to now, the DRAM model is fully functional but does not
respect the DRAM timings defined in the JEDEC standard. There-
fore, the Petri Net has to be further extended to be able to model
the correct timing constraints. The following definition is based
on [16].

Definition 3.4 (Timed-Arc Net). A Timed-Arc Petri Net is a Petri
Net where each token of the marking M gets an age x, € Rxp
assigned. The set of arcs is extended by age guards, i.e. F C (P X
J X T)U (T X P), where J is the set of all valid time intervals.

8- 210 for [11,1] € T

The firing rules for Timed-Arc Petri Nets are modified as follows:

Timed-arcs are denoted by

(1) A transition is said to be enabled if each input place p of ¢
is marked with at least w(p, 7) tokens of age x,, € J, where
w(p, 7) is the weight of the arc from p to r and J € 7 is the
age guard of the arc.
(2) An enabled transition may or may not fire.
(3) A firing of an enabled transition r removes w(p, 7) tokens
of age x, € J from each input place p of 7 and adds w(z, p")
tokens of age 0 to each output place p’ of 7.
In the case of Timed-Inhibitor-Nets, a timed inhibitor-arc from
p to 7 inhibits the transition 7 from firing as long as p holds at
least wy (7, p) tokens of age x, € J, where J is the age guard of the

timed inhibitor-arc. Timed inhibitor-arcs are depicted as 11, 22] °

for [t1,t2] € T

®In the case where w(p, 7) = 1, the transition 7 may only fire when the connected
place p is empty.
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Figure 7: DRAM Petri Net Model from [18]

4 MODELING DRAMS WITH PETRI NETS

As shown in [18], the states and command transitions for DRAMs
can be modeled by an Inhibitor-Reset Petri Net. In this paper, we
extend the previous approach of [18] in order to model the tim-
ing dependencies between the DRAM commands, which can be
modeled by Timed-Arc Nets. We introduce a new arc, which can be
composed of a timed inhibitor-arc and a reset-arc, as shown in the
following sections. For the sake of simplicity in the description we
mostly concentrate on the DDR3 standard in a single-rank configu-
ration, noting that all the other standards can also be modeled with
this approach.

4.1 Modeling States and Commands

With the Definitions 3.1, 3.2 and 3.3, the states and command de-
pendencies for DRAMs can be modeled by an Inhibitor-Reset Petri
Net that eliminates the aforementioned drawbacks of the JEDEC
state diagram by introducing the required bank parallelism with-
out increasing the diagram’s complexity and readability, as shown

in [18]. Furthermore, we strictly distinguish between DRAM states
(IDLE, Active, PDNP, PDNA, and SREF) and DRAM commands (ACT,
PRE, RD, RDA, WR, WRA, PDE, PDX, PREA, REFA, SREFEN, and SREFEX).
As shown in Figure 7, the transitions of the Petri Net represent
the executed DRAM commands and the places denote the states of
the DRAM, i.e., how many banks are active or if the DRAM is in
power-down mode. It is assumed that the DRAM has B banks.
The DRAM Petri Net model is divided into several subnets:

(1) B Bank Subnets
(2) Refresh Management
(3) Power-down Management

In the beginning, the place IDLE is initialized with B tokens, whereas
all the other places are cleared. If a row in bank b gets activated,
the related ACT transition is fired and a token moves from the IDLE
state to the Bank-b-Active state. The inhibitor-arc from the Bank-b-
Active state to the ACT transition ensures that no other token can
move into the Bank-b subnet. In the meantime, other banks can
be activated. When a PREA command is issued, all places in the
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Figure 8: Annotated Power Equations from DRAMPower [5, 20, 28]

bank subnets are cleared and the IDLE state is reinitialized with
B tokens by the connected reset-arc. When the IDLE state hosts B
tokens, a refresh (REFA) can be executed. Additionally, there is the
possibility to enter precharge power-down or self-refresh. Several
inhibitor-arcs exists in order to prevent prohibited state transitions.
However, this modeling approach presented by [18] does not take
the timing dependencies into account. Therefore, we present the
modeling of timing in Section 4.3.

4.2 Modeling Power Consumption

As a side effect, we discovered that the equations of the DRAM-
Power simulation tool [5, 20, 28] can be projected onto the presented
Petri Net model of [18] as shown in Figure 8. The power consump-
tion of DRAMs can be divided into a background or static part and
an active part which is needed for each command (ACT, PRE, RD, etc.).
The background part is directly calculated from the current state
of the DRAM (IDLE, Active, PDNP, etc.). Therefore, these equations
are annotated to the states of the Petri Net. Accordingly, the active
part is annotated to the transitions.

4.3 Modeling Timing Dependencies

With Definition 3.4, the timing dependencies for the DRAM protocol
can be modeled by a Timed-Inhibitor-Reset Petri Net. As shown in
Section 3.1 the different timings that have to be modeled can be

distinguished into four categories. For each category we present a
different solution based on timed-arcs. These approaches allow a
clear separation from the state model in Section 4.1 such that the
timing dependency network can be treated separately.

4.3.1 Command-to-Command Timing Dependencies.
In order to model command-to-command timing dependencies, for
example tgrp between two ACT commands on two different banks,

. t L.
we introduce a new custom arrow —* o, which is composed of a
place, a reset-arc, and a timed inhibitor-arc, as shown in Figure 9.

1 T2

T1 Pz T2

Figure 9: Custom Arc

When transition 7j is fired, all existing tokens on place py are
cleared by the reset-arc and a new token of age 0 is generated.
The timed inhibitor-arc attached to 73 inhibits its firing as long as
the age of the token is smaller than the timing value ¢y (ie., as
long as its age lies in the interval [0, tx[). By the use of this arc
all command-to-command timing dependencies can be modeled
easily as shown in Figure 13 for an artificial DRAM with 2 banks.
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For instance, between the ACT command of Bank 0 and the ACT
command of Bank 1, there exists a special arc with tgrp as timing
constraint and vice versa.

Note that this custom timing arc does not alter the modeling
power of the Petri Net, as it is just a short form for the specific
combination of a place, a normal arc and a reset- and timed inhibitor-
arc (see Figure 9).

4.3.2 Command Bus Occupancy.

The command bus occupancy could also be modeled with the special
command-to-command arc by connecting each command transition
to each other command transition with a tck timing dependency.
However, in this case, the number of special timing arcs would
grow exponentially and slow down the execution of the model.
Therefore, we use a special place which represents the command
bus. This place is connected to all command transitions in the Petri
Net as shown in Figure 10.

T1 Tn

Command Bus

Figure 10: Modeling of the Command Bus Constraints

If the 7; transition is fired (e.g., ACT command) it consumes the
token on the command bus and generates a new token of age 0.
The other transition 7 (e.g., RD to a different bank) can only be
fired if the token has at least age tcx. With this constraint only
one command can be sent to the DRAM at a time within one clock
cycle. This small net also shows the flexibility of our approach. For
example, in the case of LPDDR4, a variable command length was
introduced (i.e., commands are longer than just one clock cycle).
This new requirement can be modeled easily by changing the timing
parameter from tck to the new timing parameter.

4.3.3 N-Activate Window.

As shown in Section 3.1 there exists the timing dependency txaw,
the so-called N-Activate Window. In the case of DDR3 where N = 4,
it is also called Four Activate Window or in short tg . In this
window only four ACT commands can be issued due to power con-
straints. Similar to the command bus dependency we use a special
place called NAW Pool which holds exactly N tokens. Figure 11
shows an abstract DRAM model omitting non-relevant states in
order to explain the functionality.

Whenever an ACT transition is fired, a token of age at least tx 4w
is consumed and a new token of age 0 is generated. Therefore, the
NAW Pool always holds N tokens of different ages. The tokens
in the NAW Pool can be considered as “disabled” after their con-
sumption for ¢y 4y time. Since there are N tokens in the pool, it is
ensured that only N ACT transitions can happen in a tjx 4y time
window.

4.3.4  Refresh Mechanism.

To avoid data losses, refresh commands have to be scheduled reg-
ularly, i.e., refreshes have to be scheduled every tgrpr; = 7.8us.
Since the JEDEC standard allows postponing refresh commands
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ACT ACT

NAW Pool

Figure 11: Modeling of ¢y 4 with B Banks and N-Activate
Window

up to eight times, after at most trgrpax = 9 - treFr a refresh has
to be performed. Figure 12 depicts the realization of this refresh
mechanism in our Petri Net.

B

WARNING SREF SREFEX

LREFMAX

REFA B IDLE SREFEN

trREFMAX

Figure 12: Modeling of Refresh Mechanism

If no REFA transition is fired within tggpprax time, the WARNING
transition becomes enabled, which should trigger a warning out-
put to the user. To avoid the warning during self-refresh, the SREF
state additionally inhibits the WARNING and the SREFEX resets the
tREFMAX timer. Instead of using the WARNING transition, we could
also use a specific Halt place in a similar way that would inhibit all
transitions from firing whenever it holds a token of age larger than
tREFMAX to prevent the Petri Net from proceeding any further.
However, especially in the context of new approaches like Approxi-
mate DRAM [19, 23], the refresh period can be enlarged or refresh
can be completely turned off on purpose. Therefore, we decided to
throw a warning instead of forcing a complete halt.

5 DRAMmlIl: A DOMAIN SPECIFIC DRAM
MODELING LANGUAGE

For the previously described Timed Petri Net semantic, we devel-
oped a DSL called DRAMmI, which describes all the timing, state
and command information of the JEDEC standards in a formal,
short, comprehensive, readable and understandable format. From
this DSL executable code can be generated (e.g., for SystemC, VHDL,
Verilog, or timing verification languages) in order to interact di-
rectly with controller RTL and controller simulation models for a
fast simulation-based validation approach. A key feature compared
to the state of the art is that the generated formal executable model
is correct by construction. For the design of the DSL we used the
MPS Software from Jetbrains’.

Thttps://www.jetbrains.com/mps/
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Listing 1: DRAMmlI Describing DDR3

DRAM {
Name = "DDR3-800D";
B = 8;
N = 4;
Device {
Places {
IDLE (B);
PDNP ;
SREF ;
PDNA;
}
Transitions {
REFA;
PREA;
PDEP;
PDXP;
SREFEN;
SREFEX;
PDEA;
PDXA;
)
Arcs {
// Normal Arcs:
IDLE -> REFA (Weight =
REFA -> IDLE (Weight =
PREA  -> IDLE (Weight =
IDLE -> PDEP (Weight =
PDEP -> PDNP;
PDNP -> PDXP;
PDXP -> IDLE (Weight =
IDLE  -> SREFEN (Weight =
SREFEN -> SREF;
SREF -> SREFEX;
SREFEX =-> IDLE (Weight =
PDEA -> PDNA;
PDNA -> PDXA;
IDLE -> ACT;

RDA  -> IDLE;
WRA  -> IDLE;
PRE -> IDLE;

// Inhibitor Arcs:
PDNA -o REFA;

PDNA -o PREA;

PDNP -o PREA;

SREF -0 PREA;

PDNA -o PDEP;

PDNA -o SREFEN;
PDNA -o PDEA;

PDNP -o PDEA;

SREF -o PDEA;

IDLE -o PDEA (Weight = B);

PDNA -0 ACT;
PDNA -0 RD;
PDNA -0 WR;
PDNA -o PRE;
PDNA -0 RDA;
PDNA -0 WRA;

// Reset Arcs:

ACTIVE ->> PREA;

IDLE ->> PREA;
}

// Define 8 Banks:
B : Bank {
Places {
ACTIVE;
}

Transitions {
ACT;
RD;
RDA;
PRE;
WR;
WRA;
)

Arcs {

B);
B);
B);
B);

B);
B);

B);

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

147
148

150
151
152
153
154
155
156
157
158
159
160
161

163
164
165
166
167
168
169
170
171

}
}

// Normal Arcs:

ACT -> ACTIVE;
ACTIVE -> RD;
RD -> ACTIVE;

ACTIVE -> RDA;
ACTIVE -> WR;
WR -> ACTIVE;
ACTIVE -> WRA;
ACTIVE -> PRE;

// Inhibitor Arcs:
ACTIVE -o ACT;
}

// Define Timing Constraints:
TimingConstraints {

Timings {

tCK = 2.5;
tcch = 10;
tRCD = 12.5;
tRP = 12.5;
tRAS = 37.5;
tRL = 5%xtCK;
tWL = 5%xtCK;
tRTP = 4%tCK;
tWTR = 4%tCK;
tRRD = 4%tCK;
tWR = 15;
tFAW = 40;
tRFC = 110;
tREFI = 7800;

3

tREFMAX = 9% tREFI;

tRC = tRAS + tRP;
tRDWR = tRL + tCCD + 2%tCK - tWL;
tWRRD = tWL + tCCD + tWTR;
tRDAACT = tRTP + tRP;

tWRPRE = tWL + tCCD + tWR;

tWRAACT = tWRPRE + tRP;

tXP = 3%tCK;
tXS = tRFC + 10;
tXSDLL = 512%tCK;
tCKE = 3%tCK;
tCKESR = tCKE + tCK;
tPD = tCKE;

tRDPDEN = tRL + 5%tCK;
tWRPDEN = tWL + 4%tCK + tWR;
tWRAPDEN= tWL + 5%tCK + tWR;
tREFPDEN= tCK;

tACTPDEN= tCK;

tPRPDEN = tCK;

Places {

CMD_BUS ;
NAW_POOL (N);

Arcs {

// First timing for intra-bank
// Second timing for inter-bank
// Timing constraints from ACT

ACT -<> PRE (tRAS,0);
ACT -<> RD  (tRCD,0);
ACT -<> WR  (tRCD,0);
ACT -<> RDA (tRCD,0);
ACT -<> WRA (tRCD,0);
ACT -<> ACT (tRC,tRRD);

ACT -<> PDEA (@, tACTPDEN);
ACT -<> REFA (@, tRC);
ACT -<> PREA (0, tRAS);

// Timing constraints from RD/RDA
RD -<> PRE (tRTP,0);

RD -<> PREA (0, tRTP);

RD -<> PDEA (0, tRDPDEN) ;

RD -<> PDEP (@, tRDPDEN) ;

RDA -<> PDEA (@, tRDPDEN) ;

RDA -<> PDEP (@, tRDPDEN) ;

RD -<> RD (tCCD, tCCD);
RD -<> RDA (tCCD, tCCD);
RDA -<> RD (0,tCCD);
RDA -<> RDA (0,tCCD);

172
173
174
175
176
177

179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

198
199

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

252
253
254
255
256
257

RD -<>
RD -<>
RDA -<>
RDA -<>
RDA -<>
RDA -<>
RDA -<>
RDA -<>
// Timi
WR  -<>
WR  -<>
WR -<>
WRA -<>
WRA -<>
WR -<>
WR -<>
WRA -<>
WRA -<>
WR -<>
WR -<>
WRA -<>
WRA -<>
WRA -<>
WRA -<>
WRA -<>
WRA -<>
// Timi

PRE -<> ACT
PRE -<> REFA
PRE -<> PDEA
PRE -<> PDEP
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WR (tRDWR , tRDWR) ;
WRA  (tRDWR, tRDWR);
WR (0, tRDWR) ;
WRA (@, tRDWR) ;
ACT (tRDAACT ,0) ;

REFA (0, tRTP+tRP);
PREA (0, tRTP);
SREFEN (@, tRDPDEN);

ng constraints from WR/WRA
PRE (tWRPRE , Q) ;

PREA (@, tWRPRE) ;

PDEA (@, tWRPDEN) ;

PDEA (@, tWRAPDEN) ;

PDEP (0, tWRAPDEN);
WR (tCCD, tCCD);
WRA (tCCD, tCCD);
WR (@,tccd);

WRA (@,tcch);

RD (tWRRD , tWRRD) ;
RDA (tWRRD , tWRRD) ;
RD (@, tWRRD) ;

RDA (@, tWRRD) ;

ACT (tWRAACT, @) ;

REFA (0, tWRPRE+tRP);
PREA (0, tWRPRE);
SREFEN (0, tWRPRE+tRP);

ng constraints from PRE/PREA
(tRP,0);

(0, tRP);

(@, tPRPDEN);

(@, tPRPDEN);

PRE -<> SREFEN (0, tRP);

PREA -<> ACT
PREA -<> REFA
PREA -<> PDEP

(0, tRP);
(0, tRP);
(@, tPRPDEN) ;

PREA -<> SREFEN (0, tRP);

// Timing constraints from PDN
PDEP -<> PDXP (0,tPD);
PDEA -<> PDXA (0, tPD);
PDXA -<> PDEA (0, tCKE);
PDXP -<> PDEP (0, tCKE);
PDXP -<> REFA (0, tXP);
PDXP -<> SREFEN (@, tXP);
PDXA -<> ACT (0, tXP);
PDXP -<> ACT (0, tXP);
PDXA -<> PRE (0, tXP);
PDXA -<> PREA (0, tXP);
PDXA -<> RD (0, txXP);
PDXA -<> RDA (0, tXP);
PDXA -<> WR (0, tXP);
PDXA -<> WRA (0, tXP);

// Timi
REFA
REFA
REFA
REFA

// Arcs
CMD_BUS
* => CM

// Arcs

ng constraints from REFA/SREF
-<> ACT (0, tRFC);
-<> REFA (0, tRFC);
-<> PREA (0, tRFC);

-<> SREFEN (@, tRFC);

-<> PDEP (@, tREFPDEN);
-<> ACT (0,tXS);

-<> REFA (0, tXS);

-<> PDEP (0, tXS);

-<> SREFEN (0, tXS);

-<> RD (@, tXSDLL);
-<> RDA (@, tXSDLL);
-<> WR (0, tXSDLL);
-<> WRA (@, tXSDLL);

-<> SREFEX (@, tCKESR);
for the CLK

-> % [tCK, inf];
D_BUS;

for the NAW

NAW_POOL -> ACT [tFAW, inf];

ACT

// Arcs
REFA
SREF
SREFEX

-> NAW_POOL;

for the Refresh

-<> WARNING (@, tREFMAX);
-0 WARNING;

-<> WARNING (@, tREFMAX);
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Figure 13: 2-Bank Petri Net with Command-to-Command JEDEC Timing Delays

An example for DRAMmI describing a 1 Gb DDR3-800D DRAM
with 1KB page size and fast PDN exit mode is shown in Listing 1.
The description starts with general definitions of the number of
banks B and the number N needed for the NAW. Next, we describe
the DRAM device hierarchically in a top-down approach. First, the
DRAM device is described as consisting of places, transitions and
arcs (everything outside the banks in Figure 7). In Line 71, B banks
are inserted into the device that contain all the places, transitions
and tokens which are inside one bank in Figure 7. Lastly, the timing
constraints are inserted as described in Section 4.3. Lines 104-140
define the DRAM timings (in ns) for the given device. Next, places
and transitions exclusively needed for the timing modeling of the
whole device are added. Finally, the command-to-command timing
arcs (Lines 151-241) and the timed-arcs for modeling the command
bus occupancy (Lines 244-245), the NAW (Lines 248-249) and the
refresh mechanism (Lines 252-254) are included.

The arcs used in DRAMm follow the symbols defined earlier:

e -> denotes a normal arc.
e —> [t1, t2] denotes a timed-arc with age guard [t1, t2].
e ->> denotes a reset-arc.

e -0 denotes an inhibitor-arc.

o -<> (t1, ,tn) denotes a command-to-command tim-
ing arc. The first timing holds for the lowest hierarchical
level (i.e., inside the banks), while the last timing holds for
the highest hierarchical level (i.e., outside the banks). If one
of the timings is 0, no arc between the transitions exists on
the corresponding hierarchical level.

e * denotes a wildcard for all commands, noting that * in
expressions has the semantic of an multiplication.

Note that an expression like IDLE -> ACT (Line 41 in Listing 1)
denotes arcs from the IDLE place to all ACT transitions.

As an example for the used arcs, consider, e.g., the command-
to-command timing arc ACT -<> RD (tRCD, @) from Line 152 in
Listing 1. This line means that there are timed-arcs going from all
ACT commands to all RD commands. The given timing (tRCD, )
means that the timing inside the banks is tgcp, while outside the
banks the timing is zero, i.e., there exists no timing constraint for
inter-bank ACT and RD commands.

As stated before, this language allows an easy modification of
timings (e.g., when changing timing parameters, or inserting new
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timings) as well as modifications of the whole DRAM structure.
Consider the adjustment of the DSL given in Listing 1 to the concept
of bankgroups in DDR4: A DDR4 DRAM has 16 banks in total,
where each four of them are clustered in one bankgroup. Therefore,
set BG = 4 and B = 4. As the hierarchical level of bankgroups
is between that of the whole device and that of single banks, we
would adjust Listing 1 in Line 71 by the code shown in Listing 2.

Listing 2: Inserting Bankgroups

BG : Bankgroup {
B : Bank {

3
}

Since a third hierarchical level was included, the command-to-
command timing arcs have to be changed from two to three pa-
rameters to include intra-bankgroup timings. Consider, e.g., the
timing between two RD commands in DDR4, where short tccpg
timings capture inter-bankgroup timings, and longer tccp, denote
the timings for intra-bank and intra-bankgroup. Line 168 would
then change toRD -<> RD (tCCD_L,tCCD_L,tCCD_S). In a similar
way, the model can be extended to include ranks. This shows that
code written in DRAMm can easily be adopted to new standards
without many changes.

6 CODE GENERATION

From the previously described DSL, an executable model can be
generated, which can be used as a formal reference specification for
simulation-based validation, e.g., of a DRAM controller or a DRAM
simulator. Especially for testing a memory controller’s backend
this model has a large value since every timing violation will be
reported.

As an example implementation we chose SystemC, noting that
a conversion of the DSL in other languages is feasible as well.
SystemC is an IEEE standard [29] for simulation and modeling
of complex systems consisting of hardware and software. It is a
library which is based on C++ and provides a simulation kernel
with a discrete event semantic that enables the simulation of time.

In VHDL and Verilog, components use signals for the communi-
cation. In SystemC a signal is just a special case of a Channel. In
SystemC channels are containers for communication protocols and
synchronization events, i.e., they are separating the communication
from the functionality. The different modules in SystemC can be
connected to a channel via a port. Therefore, we built a SystemC
model similar to [36] by using the idea of channels for modeling
the places of Petri Nets, and moreover, also for modeling inhibitor-,
reset- and timed-arcs. The transitions, which represent the DRAM
commands, are modeled as SystemC modules (SC_MODULE). List-
ing 3 shows the basic interfaces for the custom channels and the
module for the transitions.

These previously explained classes are the building blocks for
implementing the timed Petri Net semantic in SystemC. By using
SystemC'’s hierarchical module structure including the concept of
ports, an executable SystemC model which describes the states, com-
mands and timing dependencies can be automatically generated
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correct by construction from the description in DRAMmI, shown
in Section 5. Additionally, the code generator can be used to prune
superfluous timing arcs, i.e., those that will never be a constraint. As
an example, consider the timing tprpppn Which equals tck in the
DDR3 configuration shown in Listing 1, Line 139. Since all transi-
tions already have the command bus constraint, all arcs depending
on tprppgN can be pruned (for this specific configuration!).

Listing 3: Abstract SystemC Implementation of Timed Petri
Nets Semantic

// Place Interface:

class placeIF : public sc_interface {
virtual void addTokens(int TN) =
virtual void removeTokens(int TN)
virtual bool testTokens(int TN) =
virtual int getTokens() = 0;
virtual bool timeTestToken(sc_time MinTime) = @

};

// Place Channel:

template<unsigned int I=1, unsigned int 0=1>

class place : public placelF {
std::queue<sc_time> tokens;

place(int t) { ... }

void addTokens( int TN) { ... }

void removeTokens(int TN) { ... }

bool testTokens(int TN) { ... }

bool timeTestToken(sc_time MinTime) { ... }
int getTokens() { ... }

}

// Timing Interface:

class timingInIF : public sc_interface {
virtual bool testTiming() = @

};

class timingOutIF : public sc_interface {
virtual void fired() = 0;

};

class timing : public timingInIF, public timingOutIF {
sc_time delay;
sc_time lastFired;

timing(sc_time delay) : delay(delay),
lastFired (SC_ZERO_TIME) {3}

timing (double d, sc_time_unit u) :
lastFired (SC_ZERO_TIME) {3}

void fired() { ... }

bool testTiming() { ... }

delay(sc_time(d,u)),

};

// Transition:
template<unsigned
unsigned
unsigned
unsigned
unsigned

int TN = 0>
SC_MODULE (transition) {
sc_port<placeIF, I,
sc_port<placeIF, 0,
sc_port<placeIF, H,

oo e = =

SC_ZERO_OR_MORE_BOUND> in;
SC_ZERO_OR_MORE_BOUND > out;
SC_ZERO_OR_MORE_BOUND> inhibitors[H];
sc_port<timingInIF, TI, SC_ZERO_OR_MORE_BOUND> timingIn[TI];
sc_port<timingOutIF, TO, SC_ZERO_OR_MORE_BOUND> timingOut[TO];
int inhibitorsTokens[H];

sc_time TokensAge[I];

SC_HAS_PROCESS(transition);
transition(sc_module_name name) : sc_module(name),

in("in"), out("out") {3}

int fire() { ... }
int TimedFire() { ... }
};

In the generated model, each DRAM command (transition) pro-
vides a fire() method, which can be called by the attached simu-
lator or RTL model when a command is issued from the memory
controller to the DRAM. In case of a timing violation, or the firing
of a disabled transition, it produces an error message.
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7 PRACTICAL USAGE

We connected the generated executable model to the most promi-
nent DRAM simulators, namely DRAMSim2 [35], DRAMSys [21],
Ramulator [26], as well as the DRAM controller in gem5 [4, 12]. Fur-
thermore, we connected the executable model to an RTL memory
controller [38]. The simulator DRAMSys is one of the most sophis-
ticated DRAM simulators, which has support for auto-precharge,
power-down, power and temperature simulation, as well as for tem-
perature controlled refresh, etc. Furthermore, DRAMSys has a large
testsuite for regression tests and an automated timing checking fea-
ture in its TraceAnalyzer tool [21]. For the timing checking feature,
DRAMSys records all memory commands and their occurrence in
time in an SQLite database. In the TraceAnalyzer the user can write
queries to this database and check for potential timing violations.
Even though this is a clever test strategy for checking the timing
dependencies, we were able to reveal a bug in the DRAMSys simu-
lator. In fact the timing tywrppgN Was violated. This bug was not
discovered earlier because the check for this timing did not exist in
the TraceAnalyzer, although a test trace for this scenario was exist-
ing. This shows the importance of regression models being correct
to discover potential DRAM protocol violations immediately. In
contrast to the handwritten regression models of TraceAnalyzer
our new approach based on a DSL will generate a regression model
which is correct by construction. So far, no bugs were found in the
other simulators by using the provided test-traces. We will perform
further simulations in the future and report to the deveopers if any
bugs were found.

8 CONCLUSION AND FUTURE WORK

In this paper we presented a new model for DRAMs using timed
Petri Nets, which describes the DRAM states and commands and
timings in a correct, compact and complete manner. This model can
be used for the simulation-based validation of DRAM controllers
and DRAM simulators. As a next step we will use this model for the
generation of properties for formal verification of the RTL memory
controller and test case generation similar to [14].
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