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executable model is uploaded on Github:
https://github.com/tukl-msd/DRAMPetri
2 Summary of [25], [26], [27] and [24]: The initialization states are omitted.
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In systems ranging from mobile devices to servers, Dynamic
Random Access Memories (DRAMs) have a big impact on
performance and contribute a significant part of the total
consumed power. Their architecture and behavior is standardized by the Joint Electron Devices Engineering Councils
(JEDEC) e.g. DDR3 [25], DDR4 [26], LPDDR4 [27], and
Wide I/O [24]. Consequently, also the DRAM controller
must follow the rules specified in the standards in order
to guarantee correct functionality. The command control of
a DRAM controller is usually realized with a Finite State
Machine (FSM). Figure 1 shows the state diagram provided by
JEDEC that is intended to provide an overview of the possible
state transitions and commands [25].
However, even JEDEC admits that this FSM is not fully
correct [25], as it does not capture DRAM’s inherent bank parallelism and therefore not all possible events can be modeled.
In addition, the JEDEC state diagram lacks readability and
simplicity by mixing up DRAM states and DRAM commands.
Modeling the concurrent DRAM devices with a FSM will
result in a state explosion. In this paper, for the first time
we use Petri Nets [30] to present a comprehensive model
of DRAM states and commands from a memory controller’s
perspective. This model is intended to give an easy and
interactive description of all possible DRAM states, including
situations involving more than one bank1 . The proposed model
fulfills the requirements on a system model to be unique,
precise, complete, and easy to modify. It can therefore be used
for formal verification e.g. of a DRAM controller [15] or a
DRAM simulator [21], [20], [31], [22], [18], [6], [14].
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Abstract—The functionality of DRAMs, especially the state
transitions are described in JEDEC standards. These standards
contain a finite state machine, which intends to provide an
overview of the possible state transitions and the commands to
control them. However, today’s DRAMs are highly concurrent
devices as they provide bank parallelism. The state diagram
used in JEDEC standards does not model this concurrency and
furthermore it is misleading in several aspects. In this paper, for
the first time we present an easily comprehensive model of the
DRAM states and transitions, using a Petri Net, which covers
also the DRAM concurrency.

Precharging

Fig. 1. State Diagram of DRAM Commands According to JEDEC Standards2

The remainder of this paper is structured as follows: In
Section 2, preceding works combining DRAMs and Petri Nets
are reviewed. Section 3 introduces the basics of DRAMs and
Petri Nets, which are combined in Section 4 and 5 to our
DRAM Petri Net model. Section 6 shows further applications
and Section 7 concludes the paper and motivates future work.
II. R ELATED W ORK
A similar approach for modeling DRAMs with Petri Nets
has been presented by Gries [12]. However, this work tries to
capture in a bottom-up approach all aspects from the DRAM
cell, over the array, up to the memory controller in detail
and therefore, it features a high level of complexity. The
authors of [8] use Petri Nets to model the DRAM powerdown states in order to derive effective power-down strategies.
However, their model focuses only on the power-down states.
The FSM presented by JEDEC [25], [26], [27], [24] (cf.
Figure 1) intends to illustrate the DRAM states and transitions.
However, as mentioned before, this FSM is neither precise
nor complete. In comparison to these works, our model gives
a formal correct, lean, and easily understandable description
of the DRAM states and transitions, which can replace the
JEDEC state diagram.
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TABLE I
DRAM C OMMANDS

Entire DRAM

Column

Row

ACT
PRE
RD
RDA
WR
WRA

Explanation
Activate: A specific row in one bank is
activated.
Precharge: The current activated row is
closed and the bank is precharged.
Read: Read from an activated row.
Read with Auto-Precharge: Read from a row
and precharge the row afterwards.
Write: Write to an activated row.
Write with Auto-Precharge: Write to a row
and precharge the row afterwards.

PDE

Power-Down Entry: Enters the PDNA mode
if in Active or PDNP if in IDLE.

PDX

Power-Down Exit: Exits PDNP or PDNA
mode.
Precharge All: All active banks are
precharged.
Auto-Refresh: Refresh one or more rows in
all banks.
Self-Refresh Entry: Enters the SREF mode.
Self-Refresh Exit: Exits the SREF mode.

PREA
REFA
SREFEN
SREFEX

III. BACKGROUND
In this section we first introduce the basic terminology and
internals of DRAM devices. Second, we define the original
Petri Net and two extensions of it.
A. DRAM Devices & Controller
DRAMs are organized in a three-dimensional fashion of
banks, rows and columns. A DRAM device has usually 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. The task of the DRAM controller is to translate
incoming read and write transactions 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 command (WR) can be executed.
The ACT command opens an entire row of the memory array,
which is transferred into the bank’s row buffer3 . 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),
3 The row buffer is a model, which abstracts the real physical DRAM
architecture. It is basically a combination of primary and secondary sense
amplifiers 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 [17].

Type

Normal Operation

Symbol

Power-Down

Target

TABLE II
DRAM S TATES
Symbol

Explanation

Active

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

IDLE

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

PDNP

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

PDNA

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

SREF

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

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. Additionally, 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 must usually 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 PowerDown (PDNP), Active Power-Down (PDNA) and Self-Refresh
(SREF).
Table I shows a list of all possible DRAM commands.
During operation a DRAM device can be in five major states,
as shown in Table II. These states are used to calculate the
background power of the DRAM by tools like e.g. DRAMPower [5].
However, the JEDEC FSM in Figure 1 has several drawbacks. 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 (2×
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 command 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 1 does not cover DRAM’s inherent
bank parallelism, which is crucial for an exact behavioral
description.
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A reset-arc for a specific transaction t empties all places pi
connected with reset-arcs when the transition fires. There is
no precondition on firing imposed. As shown in the example
in Figure 3 the place p3 is cleared completely when t 1 is fired.

Fig. 2. Petri Net Example According to [28]

B. Petri Nets
Petri Nets [30] are very general models for concurrent
asynchronous systems. Thus they are widely used to describe
system behavior on different levels [7], [34], [3], [11]. 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 [28]:
Definition 1 (Petri Net): A Petri Net is a 5-tuple N =
(P, T, F, W, M0 ) where P = {p1, p2, ..., pm } is a finite set of
places, T = {t 1, t 2, ..., t n } is a finite set of transitions, F ⊆
) connecting places and
(P ×T ) ∪ (T × P) is a set of arcs (
transitions, W : F → N is a weight function4 (if not indicated
otherwise the weight is set to 1) and M0 : P → N ∪ {0} is the
initial marking. It is required that P ∩ T = ∅ and P ∪ T , ∅.
The simulation with Petri Nets is based on the following
transition or firing rules [28]:
1) A transition is said to be enabled if each input place p
of t is marked with at least w(p, t) tokens, where w(p, t)
is the weight of the arc from p to t.
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 t removes w(p, t) tokens
from each input place p of t and adds w(t, p0 ) tokens to
each output place p0 of t, where w(t, p0 ) is the weight
of the arc from t to p0.
Figure 2 shows an example of a simple Petri Net [28], using
the well-known chemical reaction: 2H2 + O2 = 2H2 O. Two
tokens in each input place represent two available units of H2
and O2 . The transition t 1 is enabled by a chemical reaction
(event). After firing t 1 , the marking will change according to
the weights, and t 1 is no longer enabled.
Several extensions to the original Petri Net in Definition 1
have been proposed in recent years. In order to model the
behavior of DRAM with Petri Nets, two extensions called
Inhibitor- [1], [13] and Reset-Arcs [2] are required. A ResetArc is a type of arc that goes from a place to a transition and
its semantics is to remove all tokens from that place when
the transition fires [33]. An Inhibitor-Arc is a type of arc that
goes from 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 [33]. It is shown in [29] that Petri
Nets with inhibitor-arcs have the modeling power of Turing
machines.
Definition 2 (Reset Net): A Reset Net is a tuple, N R =
(N, R), where N is a Petri Net and R ⊆ (P × T ) denotes the
).
set of reset-arcs (
4N

denotes the set of natural numbers without 0.

Fig. 3. Reset Net Example

Definition 3 (Inhibitor Net): A Inhibitor Net is a triple, N I =
(N, I, WI ), where N is a Petri Net, I ⊆ (P×T ) specifies the set
of inhibitor-arcs (
), and WI : I → N is a weight function.
A transition t connected with a place p by an inhibitor-arc of
weight w I (t, p) is disabled as long as p holds at least w I (t, p)
tokens. Vice versa, it is enabled whenever p holds strictily less
than w I (t, p) tokens5 . As shown in the example in Figure 4
the transition t 1 is inhibited by p3 . When t 1 fires before t 2 the
tokens are moved to p2 and p4 , respectively. However, if t 2
fires first, p4 inhibits the firing of t 1 . In this case p2 will never
get the token, because p4 can never be cleared. The command
transitions for DRAMs can be modeled by a Inhibitor-Reset
Petri Net, as shown in the following section.

,

Fig. 4. Inhibitor Net Example

IV. M ODELING DRAM S WITH P ETRI N ETS
With the Definitions 1, 2 and 3, the functional command
dependencies for DRAMs can be modeled by a InhibitorReset Petri Net that eliminates the aforementioned drawbacks
of the JEDEC state diagram by introducing the required
bank parallelism without increasing the diagram’s complexity
and readability. 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 5,
the transitions of the Petri Net represent the executed DRAM
commands and the places denote the states of the DRAM, i.e.
5 In the case where w (p, t) = 1, the transition t may only fire when the
I
connected place p is empty.
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Fig. 5. DRAM Petri Net Model

how many banks are active or if the DRAM is in the powerdown 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. It is assumed that
only one transition can be fired at a time. Note that this Petri
Net does not model timing dependencies that are implied by
the DRAM protocol.
If a row in a bank gets activated, the related ACT transition
is fired and a token moves from the IDLE state to the Bankb-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 the places
in the bank subnets are cleared and the IDLE state is again
initialized 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 the precharge
power-down or self-refresh. Several inhibitor-arcs exists in
order to prevent prohibited state transitions.
V. JAVA S CRIPT I MPLEMENTATION
In order to visualize the proposed Petri Net, we implemented6 an executable model in JavaScript [9]. The places,
transitions and arcs, which describe the Petri Net are stored
in JavaScript data structures. Figure 5 is stored as a Scalable Vector Graphic (SVG). The transitions drawn in the
SVG are associated with a JavaScript click handler called
fireTransition(name). This handler will execute only
if there are enough input tokens and if there is no blocking
due to an inhibitor arc. If it is executed, it is responsible
for clearing connected places with reset-arcs, clearing the
connected input place, setting the connected output place, and
updating the internal data structures and the SVG.
6 https://github.com/tukl-msd/DRAMPetri
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Fig. 6. Petri Net for a Bank-Wise DRAM

VI. M ODELING N ON -E XISTING DRAM D EVICES
In recent years several changes to the classical DRAM
device architecture have been proposed [32], [20], [16], [10],
[4]. In the following, we show for two of these new techniques
that they can be described easily as a Petri Net.
A. Bank-Wise Refresh
Sadri et al. [32] presented a temperature variation aware
bank-wise refresh for Wide I/O DRAM. They observed lateral
and vertical temperature variations in 3D-DRAMs and therefore present the following key idea: Instead of defining the
refresh rate based on the maximum temperature seen across the
entire stacked channel and refreshing all DRAM banks at the
same rate, the refresh rate of each bank is selected separately
based on its own maximum temperature, in order to save
refresh energy and reduce refresh overhead. This bank-wise
refresh can be modeled by splitting up the refresh management

subnet of Figure 5 for several banks, as shown in Figure 6.
The inhibitor-arc from Bank-b-Active to the REFB command
ensures that a bank-wise refresh can only be issued when the
corresponding bank is precharged.
B. Bank-Wise Powerdown
Similar to the bank-wise refresh the authors of [20] propose
a bank-wise power-down mechanism, such that the DRAM is
able to power down the banks independently. For instance,
while a DRAM bank is in the SREF state, another bank can
operate in the Active state. With this approach the DRAM
power consumption can be reduced. This bank-wise powerdown can be modeled by introducing independet powerdown mangement subnets per bank as shown in Figure 6.
The functionality of both presented techniques, described in
the Petri Net have been implemented in the DRAMPower
simulator for exploration of future systems [19], [23].
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VII. C ONCLUSION AND F UTURE W ORK
In this paper we presented a new state model for DRAMs
using Petri Nets, which describes the DRAM states and
commands in a correct and complete manner. By providing an
executable version on Github, we made DRAM’s functionality
comprehensible by an interactive example, which can help to
easily understand the basics of DRAM behavior. In addition,
this model can be used for formal verification of the states
in a DRAM controller or simulator. In the future we will
extend this model to respect the JEDEC command timing
dependencies.
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